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PREFACE 



An agreement involving a project entitled “Theoretical Modelling of Microwave 
Scattering” was signed by Prof. Dr, V.G. Vorobiev, Rector of Moscow State 
Technical University of Civil Aviation (MSTUCA), and Prof, Dr. L,P, Ligthart, 
Director of the International Research Centre for Telecommunications-transmission 
and Radar (IRCTR), Delft University of Technology (DUT). on September 21. 1994. 
Within the framework of that agreement scientists and experts of MSTUCA have 
conducted scientific research in collaboration with IRCTR. 

The agreement came after a long period of essentially no formal exchange of 
information between Russia (former USSR) and the Western World. And yet 
significant technical developments were made by Russians during that period, as 
evidenced by their known success in space research and satellites. This monograph, 
based on developments in theoretical modelling of microwave scattering and 
applications to radar polarimetry during the past two decades, is intended to serve two 
goals: first, to establish a bridge for exchanging and documenting research 
experiences between Russia and the Western World; second, to provide a useful 
reference for scientists or engineers interested in radar polarimetry in the presence of 
diverse scattering environments. 



Delft. October 2(X)1 
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mechanism of wave scattering from objects. In this respect, it can be stated that results 
with ground-based radar sensors are not yet fully understood and fundamental 
research is essential to prevent us from 'data graveyards'. The large-scale 
measurement campaigns provide large databanks, but it does not mean that the 
information contained in the data is useful. 

External stimulation of fundamental research on the characteristics of electromagnetic 
scattering from water, land and atmosphere in the microwave domain has not yet been 
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Telecommunications-transmission and Radar (IRCTR) of Delft University of 
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- Summarizing microwave remote sensing fundamentals, i.e.. microwave scattering 
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- Differentiation between surface and volume scattering on the basis of polarimetric 
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PARTI 



INTRODUCTION 



A. Scope of the subject 

Monitoring the environment is most urgent and is receiving more attention from 
scientists worldwide. Various means can be used; a main role, however, is played by 
radar. Efficient use of radar for receiving authentic volumetric information of 
investigated objects is one of the major issues for radar experts, previously involved 
in the field of radio location. The scope of the subject in this monograph is to provide 
a review of available polarimetric radar techniques for solving practical inverse 
problems in remote sensing of various types of scatterers on the earth’s surface 
(vegetation, ocean, terrain, etc.) 



B. Description of the research pr<tgrani 

The research program includes the following topics: 

(a) Summarizing microwave remote sensing fundamentals, i.e,, microwave scattering 
from objects, surfaces, and volume-distributed targets. 

(b) Differentiation between surface and volume scattering on the basis of polarimetric 
analysis of mono-static reflections. 

(c) Polarimetric scattering from models consisting of two layers and description of 
different kinds of surfaces, including interfaces between the atmosphere and 
ground, atmosphere and sea. etc. 

(d) Polarimetric scattering from models involving three layers and description of 
interfaces between atmosphere, vegetation and ground. 

(e) Spatial and temporal statistics of polarimetric scattering from rough surfaces. 

The major research aspects are listed as follows: 

1. All natural formations are represented from the point of view of electrodynamics. 
Their electrical characteristics depend on various physical parameters such as 
salinity, humidity, temperature, pressure, density, etc. These physical quantities 
influence the main clectrodynamic characteristics, c.g., the complex dielectric 
permittivity, with a real part and an imaginary part, the latter characterizing the 
loss tangent. The solution of Maxwell’s equations depends on the way the 
complex permittivity changes in the structures and their boundaries. The variety of 
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natural formations does not allow the construction of a uniform generalized 
electromagnetic scattering model. 

2. A sequential approach is selected whereby assumptions of constant permittivities 
and flat boundaries are not needed. The problems are solved using deterministic 
and/or stochastic approximations, 

3. The following models are considered: 

Isotropic model: 

• Layered models with a constant permittivity in each horizontal layer; 

• Layered models with an exponential change in the permittivity with depth; 

• Layered models with a polynomial change in the permittivity with depth; 

• Models with random changes in the permittivity with depth. 

Anisotropic models; 

• Layered models with geometrical inhomogeneities; 

• Models with a rough half-space; 

• Layered models with one and two rough boundaries; 

• Models of structures with internal ruptures; 

• Models using volumetric scattering. 

4. In all scattering models, the polarization, frequency and angle of incidence effects 
are taken into account. 

In microwave scattering, the electromagnetic fields and their characteristics are the 
sources of information that allow us to classify the sensed objects. Unwanted effects, 
resulting in loss of information during the registration of the scattered radiowave 
signals, may limit the classification potential. 

Mathematical and physical modelling plays an important role in remote sensing 
processes. Mathematical modelling makes use of the statistical characteristics of 
parameters derived from the reflected signals. Physical modelling is related to 
radio wave scattering theory and provides the first step for finding appropriate 
descriptions of radar returns. 

Different approaches for solving radio wave scattering problems are used in this 
monograph; specifically: 

• The method of small perturbations and iterative updatings; 

The method of tangent planes; 

The method of volumetric scattering. 
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The polenlial of these methods and a summary of the main findings are the primary 
goaJs in this work. 



C. OuUme of the monograph 

An introduction to mathematical and physical modelling of microwave scattering for 
remote sensing with use of polarimetry is provided in Part II of the Monograph. This 
part is composed of four chapters (1-4). 

In Chapter 1, an introduction is given to the inverse problem and the advantages of 
using polarization information to detect and classify remote objects. Also, the effects 
of other parameters, such as the frequency of electromagnetic waves and the geometry 
configuration of scattering environments, are described. 

Chapter 2 contains a description of polarimetric radar realizations and a general 
expression of measured voltage as a function of polarimetric parameters of the 
electromagnetic field and of the scattering coefficients (scattering cross section) 
characterizing the polarimetric response of a remotely sensed object. 

Chapter 3 is dedicated to modelling of interactions (physical model) of 
electromagnetic waves with a scattering medium, and scattered signal statistics 
(mathematical model) characterizing the type of scatterers or the nature of scattering 
surfaces under investigation. 

A summary of the available scattering methods used to predict the scattered power 
measured by a polarimetric radar is given in Chapter 4, The methods described are 
ba.sed on small perturbations models, Kirchhoff and transport theory of scattering in 
random media. The limits of applicability of these methods are also described, with 
particular emphasis on scattering from rough surfaces. Effects, such as depolarization 
of electromagnetic waves, are given attention with examples and results for multiple 
scattering geometries. 

Part III of the monograph contains applications of polarimetric radar monitoring for 
various types of earth environments. This part is structured in six chapters (5-10). 

Chapter 5 contains background mathematical modelling for randomly inhomogeneous 
media with applications to radar remote sensing of vegetation-covered ground 
surfaces. 
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A review of electrodynamic models for vegetation for a frequency band covering 
millimeter to meter waves is provided in Chapter 6. The biometrical characteristics of 
vegetation are described, and examples for various types of crops are provided. Also, 
modelling is described for electromagnetic reflection from deterministic and random 
vegetation layers. 

Chapter 7 consists of a survey of the available literature on the dependence of the 
complex permittivity of earth surface materials on wave frequency and polarization 
and on physical parameters, such as temperature, moisture, salinity and medium 
density. 

Chapter 8 is devoted to a study of the reflection of electromagnetic waves from 
layered structures under different polarization conditions. Various permittivity 
profiles in the layered medium arc considered: linear, exponential and polynomial. 
The ensemble- averaged reflection coefficients from the reflecting layers are 
computed. 

Chapter 9 illustrates specific examples of reflection of electromagnetic waves from 
special structures characterized by internal ruptures (e.g., ice ravines). The effect of 
polarization is studied for these examples in the approximation of geometrical optics. 

The coherent scattering of horizontally polarized electromagnetic waves by a finite 
layer of vegetation covering the ground is examined in Chapter 10. The vegetation- 
atmosphere interface is modelled as a random rough surface. 

Chapter 1 1 contains a new method for solving inverse problems for remote sensing 
using polarimetric information. This new method determines the complex permittivity 
from the measurements of the polarization ratio (for example vertical versus 
horizontal) for smooth as well as for random rough surfaces. 

Chapter 12 is devoted to signal processing aspects of remote sensing. Examples are 
given of applications of synthetic aperture radar (SAR) with use of Doppler 
information. Other examples of remote sensing with use of polarimetry are illustrated 
based on radar imaging techniques, radar altimeter and atmospheric radar monitoring. 

Part IV is the concluding part of the monograph. This part is composed of two 
chapters (13 and 14). 



Chapter 13 is a review of applications and potentials of radar polarimetry. An 
historical overview of Russian research on radar polarimetry is provided in Chapter 
14. 
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AN INTRODUCTION TO MATHEMATICAL AND PHYSICAL 
MODELLING OF MICROWAVE SCATTERING AND 
POLARIMETRIC REMOTE SENSING 



CHAPTER I: 
CHAPTER 2: 
CHAPTERS: 



Introduction to Inverse Radar Scattering Problems 
Description of Remote Sensing by Radar Polarimetrj' 
Physical and Matbematical Modelling 



CHAPTER 4: Summary of Available Scattering Methods 




CHAPTER 1 



Introduction to Inverse Radar Scattering Problems 



1.1 Theoretical aspects 

Presently, ecological problems attract great attention. That is why the decision to 
institute ecological monitoring is of cuncnt interest and a search for the best methods 
of radar monitoring is being canied out in many countries. The main problem with 
ecological monitoring is the interpretation of radar measurements. The method of 
measurements consists of transmitting an electromagnetic signal of a given form 
through a medium under investigation and picking-up at the receiver the signal 
scattered after the interaction with the medium. The received signal is distorted by the 
scattering medium. The interpretation of the modifications on the received signal are 
made at the receiver by a signal processor. 

The signal processing is concerned with both detection and estimation. Detection is 
defined as the determination of the existence or non-existence of a signal at the 
receiver, for example based on crossing or not crossing of a predefined threshold 
level. Estimation is the quantification of the parameters or descriptors of the signal, 
the medium, or the contents of the medium. 

The question of estimation leads to a class of signal processing problems called 
“inverse problems". This is not a well-defined concept, but is best described in terms 
of its relation to the “forward problem". The forward problem can be stated as 
follows: If the source transmits electromagnetic energy of a given form through the 
medium, what docs the receiver receive? Conversely, the “inverse problem" is 
concerned with the question: If the receiver receives a signal of a given form, what 
does this tell us about either the medium, its contents, or the source? 

The inverse problem is concerned with imaging, surface profiling, target 
classification, tomography, etc. As an example, consider the inverse source problem 
associated with the notion of deconvolution: the latter can be represented 
mathematically by the integral equation 

/(?) = ! G{rrr)S{ndf' ('■') 



where is the Green’s function, g(r^) is a source distribution and / (r) is 

the received field at position r . The goal in this case is to infer information about the 
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source dislribution from (he received signal and (he properties of the medium 
(channel) embodied in the Green’s function. 

A specific realization of the inverse source problem arises in connection with the 
inhomogeneous Helmholtz equation in an unbounded, homogeneous, isotropic 
medium, viz., 

(V-+*=)/(r) = £(r) (1.2) 

where k denotes the wavenumber. In this case the Green’s function is given explicitly 
as follows: 



G[7,r) 



J 

47t \f-r\ 



(1.3) 



In a typical remote sensing application, the problem is reduced to the definition of 
parameters depending on the physical characteristics of the scattering medium, or the 
remotely sensed object (scatterer) under investigation. For example, the parameter 
may be the electric permittivity of the scattering environment. The scattered electric 
field measured at a distance R from the scattering volume V (cf. Fig. 1) is given by 






(1.4) 



within the framework of the Bom approximation and under far field 
conditions R»V^'\ Here, is the wave vector associated with the incident field, 
is the wave vector of the scattered field. A =A* '•A, . 

electric field seen within the scattering volume V and Ae, (?) = (f )- . 
where e(f) is the permittivity within V and fg isthe vacuumpermittivity. 



It should be noted in Eq. (1.4) that if is a constant vector within the scattering 
volume, the scattered field is proportional to the Fourier transform of the relative 
pcrmmivity; specifically, 

S liliiSLf As (r)e-'^'dr 



(1.5) 
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Pig. 1.1 Scattering fnmi irregularities in (he scaiicrmg voluinc 
(Reproduced with permission of NATO RTA. D.T, Ojessicig, 
NATO AGARD-LS-93, Fig. 4,5 Part 12. 197g) 



Thus, Ac, (r) can formally be derived by an inverse Fourier transform of the 
scattered field. Suppose that Ac, (r) is a random function of position and the 
statistical fluctuations are homogeneous and isotropic. It follows, then, from Eq. (1.5) 
that 




« i2 



dPj dr, 






( 1 . 6 ) 
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where is the correlation function of Introducing a cenier-of-mass and 

difference coordinate change of variables, viz., 






2 






(1.7) 



we obtain 




(AltRf 






( 1 . 8 ) 



where |^|. With k cos£l , this expression reduces to the angular power 

spectrum (illustrated as p(&)in Fig. 1) given by 



kt\E.Jv 






-jk-?g 



(1.9) 



Measurements of this quantity can be used to derive the autocorrelation of the relative 
permittivity. 



It is also interesting to note that if Ae, (r) in Eq. (1.4) is constant within the 
scattering volume, but the internal field varies randomly, we have 

If the statistical fluctuations of (r) are homogeneous and isotropic, we obtain 









( 1 . 11 ) 



where denotes the autocorrelation of (r). 
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The transformation pairs between the scattering medium characteristics (e.g. 
permittivity, spatial distribution of scatterers. etc,) and the received scattered field 
indicate a "codification” of the scattered field as a function of the parameters of the 
medium. By "decoding” the information of the received signal (changes), we may 
obtain information on the parameters (source/encoder) of the scatterers. We can then 
classify the remote- sensed scatterers by evaluation of the parameters and pattern 
recognition. 



1.2 Pattern recognition and evaluation parameters 

The most substantial part of the pattern recognition problem is the decision process 
leading to a classification of remote-sensed objects under specified criteria. There are 
two main approaches for constructing classifiers: deterministic and statistical 
\Tuchkov, 1985], The former can be expressed in terms of criteria ba.sed on a partition 
consisting of N mutually non-overlapping areas, each corresponding to specified 
classes. The latter can be expressed in terms of criteria based on statistical decision 
theory and the theory of hypothesis tesdng. e,g., the maximum likelihood Bayes test. 
Methods leading to the construction of decision-making deterministic procedures can 
be divided into those based on the concept of a decision function and methods based 
on the concept of classes and features in the so-called feature space. 

The necessity of increasing the classification potential in radar remote sensing 
applications is based on the concept of a classification distance in the feature space. A 
feature can be. for example, the scattering cross section of an object. The feature 
space can then be defined in the polarization domain (3-D) as 

VV: backscatter and incident fields vertically polarized. 

HH: backscatter and incident fields horizontally polarized. 

VH: backscatter field in vertical polarization, incident field in horizontal, 

HV: backscatter field in horizontal polarization, incident field in vertical. 

The definition of a class depends upon which physical characteristics we want to 
measure. If it is the roughness of the surface of a scatterer, the class is the "degree” of 
roughness. The degree can be specified statistically, for example by the standard 
deviation of surface height variations around the mean, and the correlation of these 
variations in space, 

A good image of a rough terrain can be reconstructed if the radar is capable of 
distinguishing a large number of different classes (degree of roughness) of the surface 
scatterers, and at the same time avoiding miss-classification, meaning that rough 
scattering regions are not placed in the same class. The task of a classifier is to 
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determine lo which class most likely the scatterers belong to. One procedure is to 
compare the measured features of the scatterers (scattering cross-section) with 
“training" data obtained for known classes (degree of roughness) of scatterers. By 
signal processing, the contrast between two different types (classes) of scatterers can 
be enhanced to reduce confusion. With use of the minimum classification distance 
criteria the scattering object is “placed” in a class with values of the scattering cross 
section nearest to the “training" data. This method of classification incorporates the 
“nearest neighbor" and the "L nearest neighbors" approach. This non-parametric 
approach is very efficient when solving problems in which the objects, belonging to 
one class, are characterized by a limited degree of variability. All methods using the 
concept of distance assume the availability of one or several standards per class. 

In real situations of remote sensing, it is often necessary to apply statistical methods, 
A priori information is not available as a rule. A similar situation exists in the theory 
of recognition, that is the so-called a priori uncertainty. There are two kinds of a 
priori uncertainties: parametric and non-parametric; In the first case, it is assumed that 
a probability distribution of the feature per class is known with sufficient accuracy to 
limit the number of unknown parameters. In the second case, there is no priori 
information about probability models for classes in the feature space. In order to 
overcome a priori uncertainty, special iterative procedures called training algorithms 
are applied. There are two kinds of training: with a supervisor, and without a 
supervisor (for possible applications of modem neural techniques see [Brooks, 1996]). 

From the aforementioned methods, it can be concluded that the method of non- 
parametric uncertainty should be applied for remote sensing systems. However, the 
implementation of this method in real time is quite limited and may prove to be very 
laborious. That is why it is useful to assume specific models for the probability 
density distribution of feature vectors and for the probability of appearance of a 
specified object within the corresponding class. In this case, the problem of pattern 
recognition is simplified but the reliability of the received information is also reduced. 
Therefore, in real events, it is necessary to look for trade-off decisions. 

It should be noted that the problem of parameter estimation is substantially less 
difficult than the problem of pattern recognition. 



1.3 Conditions for implementing inverse scattering techniques 

The main difficulty in solving the inverse problem is that it can be what 
mathematicians refer to "ill-posed." This problem is due to noisy data, not enough 
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data, or a combination of the two. A problem is “well-posed" when a unique solution 
exists that is stable to changes on the data. 

The inverse problem has a unique solution if the initial data (in particular, values of 
the complex reflection coefficient) are defined over an infinite range of frequencies. 
In practice, this condition cannot be met physically and the values of the scattered 
field are limited by frequency range. This range is dependent on technical limitations 
of the instruments, the finite bandwidth of a remote sensing signal spectrum and the 
finite pass -band of the receiver. In practice, it is then possible that more than one 
object can be distinguished within these constraints, i,e.. there is more than one 
solution of the inverse problem. The problem of non-uniqueness can be dealt with by 
introducing a priori information about a scattering object (electromagnetic modelling 
of the object). 

A stability problem arises when, given the existence of a solution, the solution is 
extremely sensitive to small perturbation in the data. As an example, consider a 
measurement of the scattered field /(?) . Let this measurement have an error A/ and 
/q be the true value. Then, based on Eq. (1.1). we have 



/(^) = /o{^) + ‘V(?) = J' 0{r.f)[g{r)-t 6i{?')]dr (1.12) 



with 



/o(r)=J G{r.r)g{r)dr a.is) 

From Eqs (1.10) and (1.11) we obtain 

V(?) = J G{f.r)M{r')df' (1.14) 

It follows from Eq, (1,14) that A/ can be thought of as a “weighted average" of 
A^(r), where G(r,r') is a weighting kernel. Thus, we are free to select a function 
A|(r') whose weighted average is as close to zero as desired, but still can produce 
large errors in 



An explanation of how the scattering problem can be ill-posed is to note that the 
scattered field, which is the source of the observed data, can depend rather weakly on 
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very large changes in ihe scaiiering objecl. Thus, a small amouni of noise, or simply 
ihe addiiion of new data, can represent a very large fictitious change in the evaluated 
parameters of the scattering object, which is the object of interest. 

Much of the effort expended in the inverse problem is focused on particular 
formulations of electromagnetic modelling of the object and detection-estimation 
algorithms. The solution of these problems will be successful under a number of 
conditions: (a) High reliability of results received during the measurement process; (b) 
High information contents of the specified parameters; (c) Robustness of the 
experimental data. In this work attention is given to radar monitoring. We examine 
now in more detail the aforementioned conditions. 

Reliability of experimental data first of all is determined by the accuracy of the 
measuring instrumentation and by the number of instruments. The larger the number 
of instruments simultaneously engaged in measurements, the more reliable the final 
result. Here, we should clarify the words "the number of instruments." Measurements 
can be carried out simultaneously at different frequencies, e.g„ when multi-channel 
radar systems are used. It is obvious that an increase in the number of channels will 
lead to more accurate results. However, it complicates to a great extent the 
construction of the radar. That is why there is another way to increase, at least double, 
the number of channels. Namely, the application of a remote sensing signal at one 
frequency, but with two different polarizations. For example, the signal at one 
frequency can be emitted with horizontal and vertical polarization and with specified 
amplitude-phase characteristics, or with left-hand and right-hand circular polarization 
and under similar amplitude-phase conditions. Then, with four frequency channels 
available, we deal with eight independent measuring devices. 

The second condition for a successful solution of the scattering problem is high 
information content of the specified parameters. This is associated with how much 
information concerning the remotely sensed object is obtained from the radar signal. It 
is obvious that the parameters of a remote-sensing signal vary when incident 
electromagnetic waves are affected by surface interactions. Moreover, some 
parameters of the remote sensing signal do not vary during the interactions at all, and 
so they do not contribute to the determination of the properties of a remotely sensed 
object. On the other hand, for certain surfaces some parameters vary to a great extent; 
as a consequence these parameters give much required information about the surfaces. 
The above-mentioned aspects deal with the information contents of the specified 
parameters. Studies show that one of the most informative characteristic properties of 
the remote sensing signal is the polarization of the conesponding wave. 
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The third condition concerns the reproducibility of the received results because the 
objects and their geometrical configuration may change differently in time. This 
means that the electromagnetic scattering depends on the season of the year, daytime, 
atmospheric pressure, temperature of the ambient environment, geographic 
coordinates of the object, meteorological conditions, etc. In order to receive robust 
and reproducible results, it is necessary to carry out repeated, and to some extent 
monotonous, measurements with several polarizations of the remote sensing wave. In 
other words, the object is analyzed in many different ways, which leads to an 
improvement in measurement robustness. 

In order to increase the level of the three most significant conditions applied to a radar 
remote sensing system, it is necessary to use polarization characteristics of transmitted 
and received waves. That is why it is possible to speak about polarization diagnostics 
of the environment, and the underlying terrain in particular. The incorporation of 
specific devices (e,g. polarizers integrated in the radar channels) into the remote 
sensing radar system is one of the most advanced methods for meeting the 
aforementioned three conditions. 



I. 4 Polarimetric radar 

J. 4.I Effects of polarization 

A polarimetric radar measures the scattered field for each transmitting and receiving 
polarization combination. The ratio between the scattered and the transmitted field for 
each polarization combination is called the scattering coefficient (usually a complex 
number, with amplitude and phase). If, for example, the radar system is configured to 
measure all possible combinations available from the vertically polarized and 
horizontally polarized antennas, a “scattering matrix" can be determined composed of 
four complex scattering coefficients. The polarimetric radar has distinct advantages 
compared to the conventional fixed-polarization radar. The conventional radar 
measures a single scattering coefficient for a specific polarization combination 
(mostly co-polar). The result of this single channel approach is that only one 
component of the scattered wave (which is vector- valued) is measured, and any 
additional information contained in the polarization properties of the scattered field is 
lost. The polarimetric radar, instead, ensures that all the information of the scatterer is 
retained in the scattered wave vector. In our example, the information on the scatterer 
is obtained by measuring the four complex scattering coefficients. 

These four complex coefficients characterize the scatter cross section of a scattering 
surface for any incident or scattered polarization (e.g.. right circular, left circular, 
elliptical, etc.) 
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As an illusiralion of the effect of polarization, we consider an aggregate of scatlerers 
modelled as short vertical dipoles. An horizontally polarized incident wave 
(perpendicular to the plane of incidence) does not interact with the scattcrers, A 
vertically polarized wave (in the plane of incidence) interacts strongly with the 
scatterers. If the direction of polarization is rotated by an angle relative to the 
horizontal component, only the vertical component interacts with the scatterers. 

L4.2 Effects of frequency 

The frequency is an important signal parameter in the interaction of the signal with a 
scattering media. The depth of penetration of the signal in the media, and the 
scattering process from a rough surface, are important factors. 

For most media, the penetration depth increases with the radar wavelength. 

Scattering from a rough surface is strongly dependent on the frequency. In the case of 
a constant roughness spectrum, the scattering cross section increases as the fourth 
power of the frequency. Even if the surface roughness spectrum decreases as the 
square or the cube of the spectral frequency (i.e.. - k~^ or ), the backscatter cross 
section increases as a function of frequency. Scattering from a rough surface is 
dependent also on the radio wavelength X compared to the "scale of roughness L." 
The scattering cross section can have a maximum value when the wavelength and the 
scale of roughness have a comparable size ( Z. / A — I ). 

I A. 3 Effects of angle of in cidence 

The scattered signal is strongly dependent on the angle of incidence (measured with 
respect to the normal vector on the averaged planar surface), and it can provide 
information on the slopes distribution of the scattering surface. Therefore, different 
scattering surfaces can be distinguished and classified based on the angular scattered 
signal spectrum. 
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Description of Remote Sensing by Radar Polarimetry 



Our goal in this chapter is lo analyze the pn)cess of radar monitoring based on 
polarimelric data. This analysis is made in two steps. First, by looking into the 
physical process of how data can be generated by a scattering object (source/encoder) 
and extracted by a polari metric radar (receiver/decoder) for the interpretation and 
classification of the remote-sensed object. Secondly, by investigating the procedures 
of implementing solutions to inverse scattering problems using polarimetric radar 
techniques within the framework of specific applications. 



2.1 Physical process of encoding-decoding of polarimetric data 

Information about scattering objects can be extracted by means of decoding of 
received polarimetric signals. The coding takes place during the interaction of the 
incident radio waves with scattering objects. The transfer of information from an 
object to the radar can be modelled as a communications system composed of four 
stages: 

a) Information encoding by the source (object), 

b) Signal communication through the propagation channel. In this stage, signal 
distortions may occur due to random noise perturbations, or unwanted reflected 
signals and multi -path, 

c) Signal reception and information decoding. 

d) Interpretation of the polarimetric data and classification of the object. 

These stages are illustrated with the block diagram in Fig. 2.1: 




Fig. 2.1 Block diagram of a (polanmetiK) radar data charnel 
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The encoding-decoding process is based on the fad that the polarization of ihe back- 
scattered field depends on the target properties and, in general, differs from the 
polarization of the field incident on the remote-sensed object. For example, a thin 
straight wire is distinguished from a homogeneous sphere by observing the variation 
of the received signal amplitude as the linear polarization is rotated. The echo from 
the sphere is not modulated, whereas the received signal from the wire varies between 
a maximum and a minimum. In other words, the “coding" produced by the scatlerer 
on the polarized incident field gives an unmodulated back-scatter signal for the case 
of a spherical object and a modulated (oscillating between a maximum and a 
minimum value) signal for the case of the wire. 

To understand the coding process, we need detailed knowledge on scattering. 
However, the signal- scatterer interaction mechanism is very complex. Satisfactory 
solutions are only available in cases for which the parameters characterizing the 
scatterer size are very large or just very small compared to the radio wavelength. 
Approximate theories, such as Rayleigh scattering, Bom and Van de Hulst 
approximations, can be applied \Newxon, 1969]. 

The encoding-decoding process is complicated by a number of factors. The most 
significant are related to the complexity of the scatterer. which, in general, is 
inhomogeneous and random, and to the effects of the propagation, e.g. signal 
distortion due to noise or reflection from unwanted objects and multi-path. 

2.IJ Effects of propaga tion 

The design of an optimal encoder- decoder for remote sensing becomes complex by 
the fact that changing the frequency, polarization, or the incidence angle of radiation, 
the conditions of propagation (and signal-scallerer interactions) change. This effect 
leads to a variation in the structure of the coding of the scattered field. The noise and 
multi-path in the propagation channel are the causes of variations in the code. These 
variations can be random. 

The signal is distorted when the wave interacts (e,g. through multiple scattering) with 
volumetric objects or particles, as in clouds, precipitation and atmospheric turbulence. 
Many publications have been devoted to the investigation of the mechanisms 
underlying these processes of multiple scattering by random media [Brussaard, 1990; 
Thurai, 1992; Kuvtctsov, 1994]. Multiple scattering is a limiting factor in radar 
remote sensing. For example, if vegetation is investigated, we have multiple scattering 
from vegetation and also from earth's surface (see a model of vegetation in Fig. 2.2). 
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The reflections from the earth’s surface are the noisy part of the signal and must be 
separated from the vegetation reflections. This suppression of the unwanted 
reflections from earth can be made using polarimelry. In this example, the unwanted 
reflections can be suppressed by transmitting a rotated polarization vector (see Sec. 
1,4) and assuming that the contribution of the vertical component of the received 
scattered field is primarily due to the vegetation canopy and the horizontal component 
to the soil. 

Due to the generally complex geometry of the vegetation (canopy) and the 
randomness of the soil surface, it is not possible to separate completely the signal in 
two parts, each of which is the response to the interaction of one component only 
(either the vegetation or soil surface). The extraction of information on vegetation 
requires laborious signal processing. One method of processing used is to evaluate by 
means of the method of Lagrange multipliers [Ulaby. 1990] the optimum transmit- 
receive antenna polarization that maximizes the contrast between vegetation and soil. 
This is tantamount to finding the optimum rotation angle of the polarization vector 
that maximizes the signal (reflection from vegetation) to clutter (reflection from soil) 
ratio. 



2.2 Physical realizution of a polarimetric radar 

In previous descriptions of polarimetry we have examined how it can be used to 
improve the detection and classification of objects, compared to the conventional 
single channel radar. An illustration of polarimetric radar principle used for remote 
sensing purposes is shown in Fig. 2,3. 
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p>pol antenna 




t.q 



Fig. 2.3 llluslration of polarimetfic radar principle 

We have indicated in Fig. 2.3, the paths: 

t,p: path of the p-poiarized transmitted signal 

t.q: path of the q-polarized transmitted signal 

r,p; path of the p-polarized received (scattered) signal 

r,q: path of the q-polarized received (scattered) signal 

The radar measures the four scattering matrix elements by first transmitting a pulse 
through the p-polarized field of the antenna, and subsequently receiving signals 
simultaneously on both orthogonally polarized (p-q) feeds. The next transmission 
utilizes the q-polarized antenna feed for transmitting, again followed by simultaneous 
recording from both antenna ports. 
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2.2 J Compulation of the polarimetric radar received voltages 

The power density incident upon an object at a distance fj from the transmit antenna is 
given by 



n r 

n, ^G; 

47r/i 



( 2 . 1 ) 



where W[ is the transmit power and Ci is the transmit antenna gain. The electric field 
incident upon the object is therefore given by 






(2.2) 



where P' is the polarization vector, given by 







(2.2a) 



Z is the impedance of the propagation medium, k is the wavevector and £* is the 
transmit electric field vector. In case of free space, we have 

Z = {20n Q (2.2b) 

From Eqs (2,1), (2.2). (2,2a) and (2.2b), we obtain the expression 



£' = .J30W,G, 



fi 






(2.2c) 



The transmit electric field vector in Eq. (2.2a) is expressed as a linear combination of 
orthogonal complex components, viz., 

£'=e'p + £;g (2.3a) 

where p and ij are unit vectors and 
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(2.3c) 



E'lcosy, 



<2.3d) 



£i = £lsiny, 



The angle -y, is defined by the polarization ratio: 



i»r^Y,= F‘\/\F' 



and 6\u 8q are respectively the phase angles of the p and q components of the 
transmit electric field £'.From Eqs (2,3a), (2,3b). (2.3c), (2.3d) and (2.3e) is derived: 



E' = E' |cosy,p + sin 






The phase 5 p is taken as reference. The polarization vector is given by the ratio 



f'f _ s' \ 

=-^ = cos7,p + siny^e^ ‘^^55 



The polarization of the (transmitted) wave is in general elliptical. The polarization 
ellipse of the scattered wave will in general be different from that of the transmitted 
field. The polarization ellipse parameters i.e. the angles p (orientation) and 
(ellipticity) are related to the wave parameters y and 6 by the expressions [Boerner, 
1991] 



I - tan" Y 
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s,n2;r =(s.n2r)sin5 (2.7b) 

I + ian'Y 

The oriemaiion /{ is given by the angle between the major axis of the ellipse and a 
reference direction [Fig. 2.4]. The ellipticity ^ is defined by the ratio [Fig. 2.4]: 



lan^ 




(2.7c) 



where are the minor and the major axes of the ellipse, respectively. The sense 

of rotation of the electric field £(ai) = Re^£ describing the ellipse in its 

polarization plane is determined by the sign (+ clockwise, • counterclockwise for a 
travelling wave in k direction) in the Eq. (2.7c). Another parameter of the ellipse is 
its amplitude given by: 

A = ^a„^*af (2.7d) 



The wave parameters 5 , y are given by the phase difference 
orthogonal components , and by the polarization ratio 



5^ of the two 
/|£^|. respectively. 




(In the qav. psh polarization plane for a travelling wave m k direction) 
(Reproduced wiih permission of Aitech House, FT IJiaby. 
"Radar Polarimetfy for Geoscience Applications", Fig. 1.6, Ch. 1. 1990) 
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The polarization ratio is represented in the Fig, 2.5 below: 




Fig. 2.5 Representation of iKe polarization ratio in the onhogonal (p, q) basis 



The electric field scattered from a scattering object is given by 

£' = [S]e' (2.8) 

For an arbitrary polarization pair(p,^ ), it is convenient to express the scattered field 
in the matrix form 






In Eq. (2.8), (SJ is the scattering matrix [cf, Eq. 2.9]: 




(2.9) 



( 2 . 10 ) 
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Ep jElj are the p and q (orlhogonal) complex componenls of ihe eleciric field 
mcident upon the scailerer and EJ , are the p and q components of the electric 
field scattered by the scattering object. In this expression, Sp^ , , 5^^ are the 

scattering coefficients for the four polarization combinations. 

The scattering coefficient 5^^ is a complex number composed of a magnitude 
=|5„| and a phase angle Specifically, 

with 










and 




( 2 , 12 ) 



(2.12a) 



The coefficients 5^^, are the co-polar terms (diagonal elements of the scattering 

matrix), and 5^,5^ are the cross - polar (non-diagonal elements of the scattering 
matrix). The cross-polar terms describe the effects of the wave depolarization 
(polarization changes from p xo q and q to ^ ) when scattering from asymmetric 
objects or propagating through inhomogeneous and/or random media. This can be the 
case for the random vegetation canopy described in Sec. 2.1.1. If the amplitude and 
phase of the scattering matrix elements are known from measurements, we can obtain 
full information on the polarization properties of the medium or the scatierer (object) 
under investigation [Huynen, 1998], 



The electric field measured by a receiving antenna of effective aperture placed at 
distance from the scatterer is calculated by [cf. Eq, (2.8)] 






e 



-PA 






(2.13) 
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where |5| is the scattering matrix defined in Eq, (2.10) and 




(2.14) 



The effective antenna aperture is defined by [Silver, 1984] 



4n 

where C, is the receive antenna gain and A the radio wavelength. From Eqs (2.1), 
(2.2), (2.6), (2,11), (2,12) and (2.15), we calculate for the total path the received 
electric field: 



E' = — Jw,G,G,Z —e'^ (2.16) 

The polarization vector ^'of the receiving antenna, in analogy with the transmit 
antenna [cf. Eq, (2.6)] is given in matrix form as [Skolnik, 1970; Kostinski, 1986] 




cosy. 



(2.17) 



where is the angle between p and £' at the receiving antenna, and 6’^ is the 
phase difference between the two orthogonal (p,cj) components of E' . 



The voltage measured by the receiving antenna is proportional to the scalar product of 
the received electric field and the polarization vector [Boerner, 1991; Huynen, 1965] 






( 2 - 18 ) 



where is the constant of proportionality which depends on the size of the antenna 

over which the received electric field £' acts and induces the voltage V' [Berkowitz. 
1965; Collin, 1985], The constant of proportionality will be computed in the 
calibration procedure [Sarahandi et ai, 1990]. 
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From Eqs (2. 16), (2.17) and (2.18) we obtain 



V'=h,C^i {P'-[S]P‘\ 

q '*2 


(2.19) 


with the quantity Co given by 
A _ 




Co = -^^W,G,G,Z 


(2.20) 


From Eqs (2,6), (2.10), (2.11), (2.17) and (2.19) the voltages are calculated for each 
polarization pair, specifically. 


'\^z 


{2.21) 


'1^2 


(2.22) 




(2.23) 




(2.24) 



with 6'pfj and 5^ being the phase difference between the complex field components 
( ) at the transmitter and receiver, respectively. 

After the calibration procedure [Sarahandi et al, 1990], the scattering matrix 
eleraenis with amplitudes s^. and phases be 

computed from the measured voltages [cf. Eqs (2,21)-(2.24)J. 

One can see from Eqs (2.21)-(2.24) how the amplitude and phase of the received 
polarized field are modified with respect to the transmit field by the amplitudes and 
phases of the scattering coefficients. This modification reflects into a change of the 
polarization state of the received (scattered) wave [see Eqs (2.7a) and (2.7b)]. This 
modification can be measured from the changes of the orientation and ellipticity 
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angles of the received wave with respect to the transmitted wave. The interpretation of 
this change is the essence of the inverse problem for a polarimetric radar. 



2.3 Methods of measurements of polarimetric data 



After interaction with a spatially inhomogeneous random medium, electromagnetic 
radiation becomes the input to a receiving antenna. The receiving antenna response to 
the incident field (superposition of waves coming from different directions, with 
different amplitudes) is given by the product of the incident field with a weighting 
matrix describing the receiving antenna pattern. We indicate the weighting matrix by 
(2 - where the first index a corresponds to the main polarization of the antenna 
system and the second index p can have values corresponding to co-polarization or 



cross-polarization. Furthermore, we assume that (x = \ for the case of a horizontal 
orientation of the vector E and a = 2 for the case of a vertical polarization. The 
index ^ corresponds to the polarization of the wave incident on the antenna. For 
cr = ^ , the antenna receives co-polarly. When a is different from describes 

the response to the cross-polar wave of the receiving system. 



The full output response of an antenna receiving a field with arbitrary polarization or 
can be expressed in the following form: 



J dk^{6.^)dk^{9,9)G„p{r.e.V.6.^;k,)E^txpU4-^ 

& '• ^ 

(2.25) 

Here, is the received field of polarization a scattered from a remote-sensed object 
located at distance z. And: 





(2.25a) 


k, = ky (ko.fl#) 


(2.25b) 


x = x(r,9.gi] 


(2.25c) 



> = y(r.0.^) 



(2.25d) 
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It should be pointed out lhal in the paraxial approximation. 

kfk^«[ (2.26) 



where: 

ic = ^Jkf+kl and ( 2 . 26 a) 



The cross-polar component of the weighting matrix j if' small, i.e., 

0^ (r.0.v>.9.^;ka)/G^ {r.9,ip,e.lp\k „) « I (2.27) 



For remote sensing of geophysical objects, condition (2,26) may not be met. This may 
result in an inaccuracy of the receiving antenna output response calculation. 
Depending on the application, the error can become significant. 

Methods of observation of the scattered field can be based on coherent or incoherent 
polarimetric radars. A coherent polarimetric radar relies on the phase measurements 
of the signal in all polarization (channel) combinations. A very accurate phase 
calibration of the polarization channel is required. Enors. or loss of information of the 
phase relationship between the polarization channels, result in an incorrect estimation 
of the elements of the scattering matrix, and may lead to false conclusions regarding 
the scalterer (object). By preserving the phase information, the coherent polarimetric 
radar ensures complete characterization of the scattering matrix. This leads to a 
complete description of the scatterer under investigation. 

With incoherent radar reception, on the other hand, we measure only the amplitude 
(intensity) of the signal, without preserving the phase. In this case, we obtain 
information on the magnitude of the elements of the scattering matrix, and not on the 
phase. This leads to an ‘'incomplete” description of the scatterer. 



2.4 Radar techniques for polarimetric remote sensing 
Various radar techniques are used for polarimetric remote sensing: 

- Mono static and multi static radars. 

- Radars with dual or multi-antenna systems for measuring partial field coherence 
and cross correlation distance. 
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- Radars with multi-frequency systems for measuring correlation properties of the 
field in the frequency domain. 

- Doppler polarimelry radars, 

- Synthetic Aperture Radar (SAR). 

Radars for atmospheric monitoring, 

- Radar with polarization control. 

2.4.1 Monostotic and multistatic radars 

A monostatic radar has co-located transmitting and receiving antennas. It can be 
realized with a single antenna using a microwave switch (circulator). In this 
configuration, the radar measures the field backscattered from the area illuminated by 
the antenna (see Fig. 2.6). The scattering cross sections (proportional to the modulus 
square of the scattering matrix elements) are calculated from backscatter field 
measurements. For coherent measurements, the phase reference is given by a single 
clock at the TX-RX site. 

A multistatic radar can be realized with one transmitter and multiple receivers placed 
at different distant locations from the transmitter (see Fig, 2.7). In this configuration, 
the scattering cross section measured by the radar is based on forward scatter 
propagation. The coherence of the field measurements can be maintained if all phase 
relationships between the receivers (clocks) and the transmitter (clock) are known. 
The multistatic radar can provide distinct advantages (except for the complexity of 
coherence); among them are the following: 

- We can probe, at higher resolution, different remote areas and measure field 
(space) correlations. 

- We can measure the variation of the scattered field with changes of the scattering 
angle. 

- The clutter area is reduced by the narrower RX beam. 

- We can combine all receivers (each in polarization diversity V, H) weighting the 
amplitude and phase of the received signals in order to realize a highly coherent 
series of measurements. This can result in an improved mapping of the illuminated 



area. 
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TX/RX 




Fig. 2.6 Murx)sta(ic radar 




Fig. 2.7 Mutii-siaik: tudar 
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2.4.2 Multi-antenna radar system for measuring field space coherence and 
correlation distance 

We can obtain information on field space correlation from the knowledge of the 
angular spectrum of the scattered field [GJessing, 197B; Kochin, 1990. 1992]. In Sec. 
1,1 we derived Eq. (1,9) which learns that the angular spectrum ( in Fig. 1) 
emitted from a scattering area is the Fourier transform of the spatial autocorrelation 
function of the field over this area. Applying an inverse Fourier transformation, we 
can thus derive the spatial field correlation. This can be realized with an antenna array 
by measuring the angular spectrum p[9) of the scattered field. If. for example, this 
spectrum is a sin(x)/x function, then the Fourier transform is a rectangular function. 
If the width of this function (correlation distance of the field) is “L”, then we have a 
relationship between the 3-dB beamwidth of this spatial field pattern and the 
conelation distance given by 

6^3 =0.88A/L (2.28) 

where A i^ the wavelength of the electromagnetic wave. From equation (2.28). the 
correlation distance is derived from a measurement of that is 

L = 0.d,Uie^.^g (2.29) 

It is interesting to note that with this method of measuring field correlation it is 
possible to obtain information on the (transverse) distribution of the scattcrers in the 
remote sensed area. In the geometrical configuration shown in Fig. 2,8, we have 

x^RsmS (2,29a) 

In the small angle (far-field) approximation. 

e~- (2.29b) 

R 

The angular spectrum p(0) at a distance R from the scattercr is proportional to 



p(9)~c(x/R) 



(2.30) 



where o(x) is the distribution of the scattering cross section of the object (see Fig. 

2 . 8 ). 
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If, for example, the object gives constant scattering between limits Sx apart, the 
angular spectrum p (x/R ) is rectangular. The width is Ax/ R , Ax being the width of 
the object. The Fourier transform of this rectangular angle of arrival spectrum is a 
sin(x)/AT function, the width of which is given by [Achmatwv, 1981; Gjessing. 1978; 
Rytov. 1978]: 



L-AR/Ax 



L being the field correlation distance. From (2.31), the “size Ax” of the object can be 
derived. The basic principle underlying the measurement of (transverse) distribution 
of scatterers by means of spatial correlation measurements of the field is illustrated in 
Fig. 2.8. The distribution of the scatterers forming the object is obtained by measuring 
the amplitude and phase of the wave backscattered from the object at a number of 
points in which the elements of the antenna (array) aie placed. The analysis of the 
wavefront using an antenna array is illustrated in Fig. 2.9, An example of theoretical 
results on the spatial correlation function is given in Fig. 2, 10 [Gjessing. 1978]. 



Fig, 2.8 Mea$urernen(s of the transverse scatter distribution from a 
correblion measuremeni of the field strength. 
(Reproduced with permis-^ioo of NATO RTA. D.T. Gjessing. 
NATO ACARD-LS-93, Fig. 4.7, Part 12, 1978) 
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Fig. 2.9 Wav^froni analy.sis using an array matrix 
(Reproduced vviih permission of NATO RTA. D.T. Gjessing. 
NATO AGARD-I^-93. Tig 6.10. Purl 12. I97fl) 




Fig. 2.10 TDeoreiical results of a spatial correlation function 
(Reproduced with permission of NATO RTA, D.T. Gjessing. 
NATO AGARD-LS-93, Fig. 6.11. Pan 12. I97B) 



2.4.3 Multi-frequency radar system for measuring field correlations in the frequency 
domain and the frequency correlation bandwidth 
We can obtain information on the field frequency correlation from knowledge of the 
delay spectrum of the scattered field. The delay spectrum is the distribution of the 
scattered field as a function of the delays produced by the (random) scatterers in the 
medium under investigation. Under the hypothesis of stationarity and uncorrelated 
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scattercrs, the frequency conelaiion properties of the scattered field can be measured 
from the Fourier transformation of the delay spectrum [Schwartz, 1966]. In Sec. 1.1 
we derived Eq. (1.9) which expresses the scattering angular spectrum (proportional to 
the scattering cross section) as the Fourier transform of the autocorrelation of 
permittivity fluctuations in space. Thus, frequency correlation analysis of the field can 
be used to obtain information on the random medium (see block diagram in Fig. 
2 . 11 ): 



DS function of E 



A 



A/ 



Fourier Transform 



Scattering Cross 
Section <7. 



^ Fourier Transform 



FCF 



R, 



Pi|> 2 II Method of frequency L'orreljiHin unulytijs 



Here, the following notation is used: 

DS = Delay Spectrum 

(7g = Scattering cross section 

FCF = Frequency correlation function 

Rf, = Autocorrelation of permittivity fluctuations 

This method can be realized by measuring the correlation properties of the field (in 
the frequency domain) from a multi-frequency illumination of the surface under 
investigation. The conclation as a function of frequency spacing is computed for pairs 
of CW signals spaced by a variable interval of frequency A/ - 
As an example of interest to remote sensing problems, we examine this method for the 
case of scattering process from vegetation [Gjessing, 1978), The geometry of the 
scattering process is described in Fig. 2.12. We assume that the ground surface being 
illuminated consists of coniferous trees having needles distributed in depth in such a 
way that the shadowing effect becomes progressively more dominant as the wave 
progresses. We assume an exponential shadowing effect so that the illuminated 
scattering facets are distributed in an exponential manner in depth. This leads to a set 
of waves at the receiver, which interfere and the result is a limited correlation 
bandwidth of the scattering surface. The calculation of this bandwidth is reported as 
given by [C/fs.t/ng, 1978]: 
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The delay function of the reflected waves becomes (see Fig, 2.12) 

P(z) = e'^ (2.32) 

because the distribution in depth of the scattering cross section is assumed to be 
exponential. The \/e width of this delay function is given by 






The Fourier transform of the delay function assumes the form 

I 






a + joj 



(2.33) 



(2.34) 



We shall now calculate the autocorrelation function /?(Acu) in the frequency domain. 
The voltage V, of the signal scattered backwards at frequency o) is given by 

= F{0)) = (a + ja>y' (2.35) 

Similarly, the voltage at frequency (O + Ao). becomes 

V, =/-'(o> + Aw)«[cr+- ; (cu + AOJ)] ' (2.36) 

The normalized complex autocorrelation of these two voltages is then given by 



RiAco) = 



(a + ja>) [a - >(m + Aco) d(i) 

+ 0 )^} 



(2.37) 



Carrying out the integration, we arrive at the following expression for the modulus of 
the autocorrelation function: 
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Defining now the correlation bandwidth in the frequency domain to be the half- width 
of the autocorrelation function, it is found [Gjessing, 1978]: 

= 2aV3 [2.39) 

or 

Hz (2.40) 

7T Az 

where Az = c-To i^^ ihe penetration depth of the electromagnetic wave, c is the speed 
of light and Tq is defined by Eq. (2.33). It should be noted from Eq, (2.40) that a 
higher penetration Az causes a smaller correlation bandwidth. This means that the 
effect of a finite depth is a decorrelation on the frequency properties of the scattered 
waves. 

In conclusion, measuring the correlation properties of the scattered signal in the 
frequency domain allows one to obtain information on the distribution in depth of 
the contributing scatterers (see Fig. 2.12). Specific analytical results based on the 
frequency correladon function are given in Fig. 2.13. 

DEUtf FUNCTION DSTRIBUTICM IN 

AT RECEIVER CEPTH OF CONTR1BL/TING 




(Reproduced with peimissiun of MATO RTA. D.T. Ojcvsuig, 
NATO AGARD-LS-^3. Pig. 4.9 Pan 12. 1 978) 
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^a«lMErER 







SO M !» !M 

fflEDUEIICV SePARATIQI tlMOIHDrM}. HHj 

^ig. 2.13 I'heorcbcal results based on Ihc frequency correlaliun method 
[Reproduced with pcimission of N^TO RTA. D.T, Gjessing. 
NATO AGARLm*53, Fig 6 6. Pari 12. 1978) 



2.4. 4 Doppler-polarimetric radar 

By means of successive measurements using a coherent radar, we can gel information 
about the dynamic processes of the objects under investigation, Doppler- polarimctric 
methods in radar remote sensing are based on this principle [Doviak, 1988], 

Doppler- po lari me try is a methodology for the determination of both Doppler velocity 
(radial component) and the polarization dependence of a moving scattcrcr. When the 
scatterer is moving, the phase of the received scattered signal is determined by the 
polarization-dependent properties of the scatterer and by the radial velocity of the 
scatterer. Thus, we cannot distinguish simultaneously in the phase measurements 
between phase changes due to polarization-dependent properties of the scatterer and 
changes due to Doppler velocity [Niemeijer, 19%). To resolve the ambiguity in phase, 
the design of the polarimetric radar waveform is based on the following 
considerations: 

(a) When the Doppler velocity is known, the Doppler frequency-induced phase 
change in the received signal can be compensated for. 

(b) Only those received signals with equal polarizations are considered for Doppler 
analysis. 

The polarimetric radar waveform can be realized by using the polarimetric radar 
described in Sec. 2.2 and by repeating periodically the sequence composed of the 
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orthogonal polarization states p,q: Transmit p=V, Receive p=V and q=H; Transmit 
q=H, Receive p=V and q=H. The timing sequence diagram is illustrated in Fig, 2,14: 
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Fig. 2,i4 Tirung diagram or polarizanon sequence 
TR:Time irieival between consecutive pulses; T: Total imegrationtjmc: 
= Scattering elemcrtis tor the tour polarization poirs 



This results in the measurement of four received voltages in two pairs Vw ^nd Vhv. 
VvH 4nd Vhh are used to compute the scattering matrix elements 

(2.21)-(2,24)] and the Doppler spectrum of the sensed area. 

For each of the four sequences of received voltages, we then obtain the Doppler 
spectrum by FFT. From analysis of the Doppler spectrum, we can compute the 
parameters Doppler shift and Doppler spread for each polarization channel. From the 
results of this Doppler analysis, we may characterize the dynamic behavior of the 
sensed object. 

The four scattering matrix elements are calculated from the four received voltages. 
From the analysis of the Doppler-compensated scattering elements, information on the 
type of target can be obtained. TTie amplitude (radar cross section) measures 
backscatter strength (size of the target), and the phase (delays) can provide 
information on the geometrical structure (shape) of the target. 
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We provide below an example of calculation of the scattering matrix and Doppler: 

1. Compute the scattering matrix from the two pairs of voltages Vhh. Vhv and Vvw. 
Vvv spaced by the time interval Tr. 

2. Select a time sequence of scattered signals measured in the same polarization 
channel; for example, the H-echo signals (see Fig. 2.12), We have two H-echo 
sequences. One for the H polarization transmission, the other for V transmission, 

3. Fourier transform each H-echo receive sequence. 

4. Calculate the Doppler spectrum for a series of Doppler resolution cells, 

5. Extract amplitude and phase information of the Doppler signal for each resolution 
cell, 

6. Repeat the same procedure from step 2 to 5 for the two V-echo time sequences. 

7. Compute the scattering matrix from the two pairs Vhh. Vhv Vvv. each 

Doppler bin. 

We examine, next, the parameters that are important for the polarimetric radar design, 
(a) Correlation time 

It must be noted that the design of this polarization radar relies on the time correlation 
properties of the scattered signals. Many scattering elements on the surface can 
contribute at any given time. The result is that a set of waves reaches the receiver. 
These will have different Doppler and different phases and amplitudes. This situation 
may lead to scintillations, c.g. fading, that change (randomly) in time. Therefore, the 
signals will decorrelatc. No significant decorrelation occurs if the correlation lime of 
the signals is much longer than the interval between two successive measurements 
(echoes). In the time interval between two polarization states (sec Fig, 2.14), one 
scattering matrix is acquired at the radar receiver. If r is the correlation time of the 
propagation channel, the condition for coherent measurement is 

T»/'„ (2.41) 

We also note that the correlation time can be considered in terms of Doppler. The 
correlation time x is inversely proportional to the width of the Doppler spectrum 
(Doppler spread C|=)causingscintillations,viz., 



(2.42) 
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where is proportional to the distribution of the velocity of the scatterers. It is 
important to remark that a small Doppler spread gives long correlation times of the 
signal according to Eq. (2.42). 

Consider the following illustrative numerical example: 

af~2F^Jc (2.43) 

where 



Fo = 10 GHz 

c = 3 i0*rrt/s (speed of light) 

= I m/s 

a, - 2. 10^/3 s ' (2.44) 

From Eq. (2.42), the correlation time t is given by 

i = \ICr=i^rns (2.45) 

To satisfy the condition (Eq. 2.41) of coherent measurements, 7^ should take values 
much smaller than 15ms. If the velocity distribution of the scatterers is increased to 
— lOm/ s , we have a correlation time t ^ ) .5w5 , which is 10 times smaller than the 
previous one. In this case, the interpulse period 7"^ should be reduced to values 
smaller than 1ms. 

(b) Ambiguity 

It is also interesting to note that combining Eqs (2.41) and (2.42), we obtain 

(7^ «\/T, (2.46) 

That is, the Doppler spread must be much smaller than the separation 1/T^ 
between two spectral lines of the signal. 

It is worth mentioning that l/7]p defines also the maximum unambiguous Doppler 
velocity for a sequence of pulses with time repetition 7*^ . Increasing the interval 
7*^ , the maximum unambiguous Doppler velocity is reduced. So. we need to make 
very short. Combining Eqs (2.46) and (2.43), we obtain for the Doppler velocity 
spread 
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cr,«cI2FJ^ (2.47) 

Let Si 10 GHz, for example. We have then, 

<t„«I,5 -lO^/r, nVs (2.48) 



For Tg , we obtain 



G, «l5mfs (2,49) 

For an increase (by a factor of 10) of the lime interval, e.g, . ihe Doppler 

velocity spread requirement (2.49) should be decreased to l,5m/s. The maximum 
unambiguous Doppler velocity is then reduced by a factor of 10, 

(c) Resolution 

The frequency increment (resolution) A/ in FFT. is given by; 

A/ = l/T (2.5(1) 

where T is the total integration lime of the FFT. 

If we need for example a minimum resolution Av in Doppler speed of the order of 
Im/s, we have a Doppler frequency resolution for the radial component at X-band 
(X=0, 033m) given by 

Afi>=2Av/>. - 60Hv. (151) 

For a frequency resolution of 60Hz, we require [cf, Eq. (2,50)) a total FFT integration 
time T - 16ms 

(d) ERects of relative motion radar-sensed object 

We examine the effects on coherence of measurement in the presence of an object 
moving in the sensed area. The fluctuations in the random motion of an object cause a 
phase error in the radar signal; specifically, 
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where (Tip is ihe standard deviation of the signal phase, and a, is the standard deviation 
of the fluctuations of the motion around a y-direction. The standard deviation on the 
(Doppler) frequency is given by 

where y is the time variation of the motion along the y direction. This variation 
depends on the speed of the object, on the deviation angles from a straight line motion 
and on the "aspect” angle of the object with respect to the radar. If we assume, as a 
simple example, a target speed of 20m/s and the variation of speed equals Ar= 
0,2m/s, we may find from Eq, (2.53) at X-band 

Uf-mz (2.54) 

that gives, using Eq. (2.42). a correlation time 



r - (2.55) 

We now examine the effects of motion composed of a translation + rotation of the 
object. The object is considered to be composed of two point scatterers, the center of 
gravity O moving at constant velocity, and a point P rotating around O at constant 
rotation speed. The model of the object and its motion is given in Fig, 2.15: 




Fig. 2. t5 Object [2-scattcrer model) motion analysis (transluiion + rcnaiion^ 
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The loial signal received by scattering from the two points, point 0 (center of gravity) 
and point P at distance d from point 0, is given by 






iM2 

C J 



+ Ap^ 






(2.56) 



where 

D^it) “ Vgf (uniform rectilinear motion of point 0) (2.57) 

DpiO = Dfj(t)-d cos(p{t) (rotation of P around O) (2.58) 



and <p is the rotation angle of P around 0, 

By FM discrimination (time derivative of the received signal) we can derive the 
Doppler information from the amplitude variation of the received (Doppler) signal 
given by (see detailed computation in appendix A): 
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(2.59) 



where a is defined by 



2o)d 

cos<p 



(2.60) 



c 

and Vp is the rotation speed (defined by (ft Jd ) of point P around 0, 

The maximum value (fora=Oand (p s?r/2 ) of the Doppler signal is derived from Eq. 



(2.59) for : 



i 



;.2 







(2.61) 



The Doppler spread in this case is given by 
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C 







(2.62) 



yielding the correlaiion lime 



i 2k c 



(2.63) 



For a variaiion of largei speed 9:Q2ml s , we have in X band a Doppler spread of 
about 107Hz, and a correlaiion time of around 9ms. It is noticeable that this value of 
correlation computed for this example of rotation of the target is about 8 times shorter 
than the value computed in the first example without rotation [see Eqs (2.51)-(2.55)], 
This result indicates that the type of motion has effects on correlation. In this 
example, the effect of rotation reduces the correlation. The time interval between 
two polarization states must therefore be reduced to obtain coherent measurements 
[cf. Eq. 2.41] of the scattering matrix. 
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Physical and Mathematical Modelling 



The general physical problem in remote sensing is to measure ihe scallering of 
electromagnetic waves from (random) media. The design of remote sensing radars 
requires knowledge of radio-wave scattering processes for various types of media. 

Intensive experimental investigations have been carried out in many countries in order 
to extract statistics of signals reflected from various geometries under different 
conditions. However, consideration of all types of surfaces and all types of geometric 
configurations is practically impossible. That is why modelling of the radio-wave 
scattering processes is necessary. The possibility of creating complicated scattering 
environments (e,g. surfaces with arbitrary degrees of roughness) and using signals at 
various frequencies, with various degrees of coherence and with different 
polarizations, are some of the advantages of using modelling of radio-wave scattering 
processes. 

In remote sensing problems we distinguish two kinds of modelling, physical and 
mathematical: 

- Physical modelling is based on the physics of the interaction between an 
electromagnetic field and the scattering medium. The goal for physical models is to 
obtain detailed insight during pattern recognition and to make optimal use of 
available information (e.g, surface or volume scattering), 

. Mathematical modelling is based on the statistics of the scattered signal 
parameters, A mathematical model makes use of the echo-signal statistics and 
compares them with known statistical distribution functions. 



3.1 Physical modelling 

In the interaction of an electromagnetic field with the atoms in a dielectric medium, 
the atoms become small electromagnetic oscillators (electric oscillating dipoles) 
radiating waves in all directions. Atoms and (non-polar) molecules become polarized 
upon the action of an external electromagnetic field. For natural polar molecules, the 
effect of an electromagnetic field is to align all molecules in the same direction as the 
field. The permittivity is a function of the time response of the medium (relaxation 
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time), thermodynamics conditions (pressure, temperature) and the frequency of the 
field. It can also depend on the direction of the field if the scattering medium is not 
isotropic. In general, the permittivity in a three-dimensional space is characterized by 
a polarization tensor. Each component of the tensor relative to vacuum is a complex 
number, given by 

=£'->•' ai) 

A specific model for the relative permittivity f ^ based on the physical properties of 
the medium is given by Debye’s theory [Fieschi, 1976]. The real part e' is given by 



€ =fgp + ^ T 

I + (mi ) 

Where 



(3-2) 



£j = Static relative permittivity at zero frequency 
= infinite frequency relative permittivity 
0 ) = angular frequency 
Zf = relaxation time of the medium 



The imaginary part c' is equal to 
1 + 



(3.3) 



The relaxation time depends on the temperature [Landau, 1998], For example, at 
room temperature we have a relaxation time for sea water of approximately 10 '*' a 
[Fieschi, 1976; Stratton, 1941]. 



The effective conductivity of the medium can be derived from Eq. (3.3) by 
multiplying with ate^ : 



c. =e 



l + {WT,f 



(3.4) 
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being the permitlivily of vacuum (8.854 10'*^^ For example, sea water at 
room temperature, with relaxation time = 81 , =1.8 and for a 

frequency of lOG/fz, has conductivity equal to 20/nhos{S)l nt. 

The permittivity of air is not frequency dependent in the microwave spectrum. It is 
related to the refractive index n, by the formula 

(3.5) 

Usually, the quantity N . known as the refractivity, is measured by radio-sonde. It is 
given by 



W = (n-l)l0‘’ 



( 3 . 6 ) 



From a model [Levy, 1989] of the refractivity of the air widely used for 
atmospheric radar applications, an expression of the permittivity is derived as a 
function of the thermodynamic parameters of the atmosphere using Eqs (3.5) and 
(3.6); specifically, 



e,»i + 



155-2 10’ 






0.746 



e, 



(37) 



Where 

T = temperature (Kelvin) of the air 
p = air pressure (millibars) 

Cfj = vapor pressure (millibars) 

The vapor pressure can be expressed with empirical formulas in terms of the relative 
humidity and saturated vapor pressure, the latter being a function of temperature 
[I^vy, 1989; Kireev, 1968]. 

In remote sensing problems we are interested in radar waves interacting with media 
(oscillating dipoles) on the surfaces of discontinuities between different media (with 
different permittivity properties) and between a defined object (scatterer) and the 
medium in which the object is embedded; also, in a region where there are 
permittivity fluctuations. 
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3JJ Wa ve-su)face scaiiering 

To illustrate the effects of the discontinuity between two media with different 
permittivities on an incident plane electromagnetic wave, let us consider the case of 
an interface separating a vacuum half space (upper medium) and a dielectric half- 
space (lower medium) with permittivity . If the interface (surface) is perfectly 
smooth, the incident field excites the atomic oscillators in the propagation medium so 
that the scattered field consists of two waves components: one reflected at an angle 
equal to the angle of incidence in the upper medium and the other at an angle different 
from the incident angle (refracted wave) in the lower medium. If the surface is rough 
relative to wavelength, some of the energy of the incident wave is scattered in all 
directions, A qualitative relationship between surface roughness and scattering is 
illustrated in Fig. 3.1. 




ReflectHi Power 1$ £ntir«ly 
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ForUmtKrtian Surface, 

(f (s»e,)*ogcosacosi, 

(O 







Scattering Pattern Consists of 
Large Coherent Component and 
Small Diffuse Component 
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pj g . 3, 1 Kdai i VC lxj nlf i bulions of cuherent a o d d itfu.sc stall cri ng tomptwe nh for 
ditferefU surface roughness cundiiions: (a) specular, (b) slightly rough and 
(c) very rough (Lamberiian surface) 

(Reproduced with permission of Artec h House. F T. Ulaby, 

“Micro wave Rcmolc Sensing". Vid. II. Fig, ] 1.4. C*h. 1 1. 1982) 



We examine, next, a few physical models of surface scattering: 
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a. Point scatterers 

Within the framework of this model, the surface behaves as a series of radiating 
points. We can make various assumptions depending on the physical characteristics of 
the radiating points (scatterers). The assumption of isotropic scatterers is valid for 
dimensions of the scatterers (or particles of the scattering medium) smaller than the 
wavelength. The assumption of uncorrelated scattering is valid if the separation 
between the scatterers is larger than the wavelength. The assumptions of isotropic and 
uncorrelaled scatterers can be applicable, for example, for vegetation-covered surfaces 
having leaves with sizes small compared to wavelength and separated by many 
wavelengths. 

In general, the total electric field £ received from scatterers is the resultant of the 
phasors of the individual scatterers: 

^ = ' ( 3 - 8 ) 



Here. and are respectively the amplitude and phase associated with the k-th 
scatterer (scattering properties of the scatterer) and determine the response (or 
radiation pattern) of the scatterer. Both and are in general determined by the 
reflection characteristics (Fresnel coefficients) of the target points. The phase term 
exp fc\t^ associated with the path -del ay of the echo from the k-th scatterer. 

The following notation is used: 

(0 = angular frequency 
c = speed of light 
Rh = range of the k-th scatterer 
= number of scatterers 

The assumption of isotropic radiation of each scatterer point means that the k-th 
phasor contribution in this model is the same in all directions. Only the path 

delay term given by 2wR^ fc contributes to the directionality of the scattering pattern. 
From Eq. (3.8). we note that if the scatterers are fully conelated and have equal 
amplitudes, the response becomes 



(3.9) 
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where is ihc response of the i-lh scatterer, 
Eq. (3.8) can be wrillen in the form 

k«\ 



with 



— Ri (3, LI) 

c 

For equal phase increments AS of signals reflected from adjacent scatterers, Eq. 
(3.10) becomes 

= S (3.12) 

A-i 



The scattering pattern is in this case of the type 

I • « 

sin N. — 

1 * 2 






. AO 
sm — 
2 



(3-13) 



On the other hand, if the scatterers are completely uncorrelated, but still have equal 
amplitudes, we find 



<|£f> = ^,(|£.f> 



(3.14) 



and the scattering pattern is of the type 



<|£l*>-cos6 cosft (3.15) 

which is the "Lambertian” law for diffuse scattering (Figure 3.1c). Finally, if the 
scatterers are partially conclated we get 
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(3.16) 



The auto and cross correlations of the individual scatterers depend on the fluctuation 
statistics of the amplitudes and phases of the signals £^. (due to propagation, or 
relative movement of radar-scatterer). Depending on the values of these correlations, 
the total average power (3>^) (3.14)] will be in the interval 

^^,,N^J.The effect of partial correlation is to “modulate” the scattering pattern as 

shown in Eq. (3,16). This “modulation" can result in broadening of the beam (for 
example due to the radar-scatter motion), or in filling of the nulls of the pattern (due 
to path-propagation fluctuations, or multi-path), 

b. Facets model 

If the radius of curvature of a scattcrer is much larger than the wavelength, we may 
replace it with a finite smooth surface (facet). The incident wave induces an electric 
field upon the surface of a facet. The pattern of the scattered field will have a form 
similar to the pattern radiated by an antenna with the same size of the facet. The facet 
model and the dependence of the scattering process on the size of the facet (compared 
to wavelength) arc illustrated in Figs 3.2 and 3.3: 




Fig 3 2 Represen (a I ion of a rough as a collection of facets 



(a) Infinite Plane Facet 




Pig. 3.3 Re-radiation patterns of various sizes itf facets ai normal incidence 
(Reproduced with permission of Artech House, F T. Ulab>', 
“Microwave Remote Sensing", Vol. II. Pig. 1 J .16. Ch. M. 
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It is iniercsiing to note ihai large facets make larger contributions to the signal if they 
are "properly" oriented. But their major radiation is in the specular direction away 
from the radar. For this reason, smaller facets, that are less directional, may give 
significant contributions to the backscattered signal. To illustrate the dependence of 
the backscattered signal on these geometrical factors. let us assume a plane wave 
incident on a facet of size Lf and permittivity e . The incident field at the surface is 
given by \Elachi, 1987] 

= (3.17) 

Where k = ts the wave-number and d. is the incident angle with respect to 
normal. The reflected field has the form 

= (3.18) 

Where p is the Fresnel reflection coefficient. The scattered field is proportional to 

(3.19) 

Where pis the radiation pattern as a function of the incident angle and the radiation 
angle for an antenna of length The facet model assumes that the total field is 
the summation of the fields from each facet. The total contribution to the received 
signal depends on the orientation (slope a^) of each facet with respect to the radar 
(incident direction). Only the facets with slope appropriate to beam the signal back to 
the radar contribute ma^^imally to the total received signal. The total field is 
proportional to [cf. Elachi, 1987] 

E, '3.20) 

rcl 

Where is the slope, the incident angle, the radiation (scattering) angle and 
/y^ the size, of the i-ih facet. An illustration of re -radiation from different facet- si opes 
is given in Fig, 3.4. 
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Fig. 2 A Ke-rMiaiion pQUems from various facets. 

(The waves in the directors of the arrows add together to form the backscatiered wave) 
©1987 IEEE (Reproduced with permission of IEEE. C. Hlschi. *’Spacd)ornc Radar 
Remote Serfring* Applications and Techniques", Fig. 2.6. Ch. 2. 1987) 



c. Bragg resonance model 

At large angles of incidence i? (small grazing angles 3T/2 — 1 ?), the facets model may 
become inadequate. From the point of view of small grazing angles, the facet planes 
may lie in "shadow zones" and do not contribute to scattering. Only a few points (the 
highest points of the discontinuities between two facets) would act as effective point 
scaltercrs. An example of this geometry is ship-borne radar surveillance. Al small 
grazing angles, we may have as dominant (scattering) mechanism Ihe scattering from 
liny capillary waves developing on lop of Ihe larger gravitational waves. The capillary 
waves have sizes in the millimeter to centimeter range in the same order of magnitude 
as the (microwave) wavelength. This is opposite lo the facet model based on facet 
planes larger than Ihe wavelength. This scattering mechanism can be described with 
the Bragg model. In this model, the random surface is divided into its Fourier spectral 
components. The scattering is mainly due to the spectral components of Ihe waves 
that are in resonance with the wavelength of Ihe incident field (see Fig. 3,5). 
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Fig, 3 5 Bragg scaccering (Field rest’nancc w«h FoufieTcomponefasofthe wave) 
01937 IEEE (Reproduced with permission uf IEEE, C, Elschi, "Spaceborre Radar 
Remote Sensing: Applications; and Techniques'*. Mg. 2.7 Ch. 2. 1967) 



To illustrate the Bragg resonance phenomenon, we consider a sinusoidal component 
of the surface spectrum and an incident plane wave at an angle of incidence The 
wavelength of the surface component is and the radar wavelength is . The 
received voltage is given by the phase-coherent sum of the voltages from the 
individual components of the waves [Ulaby, 1982] 

''r = X .g~J2b,‘^ P 21) 

n=l 



Here. 



Vj = amplitude of the received signal 
k = wavenumber 
Rq = distance from the radar to the scattcrer 
AR = path-differential from the source to each successive wavecrest 
N = total number of wavelengths of the resonant component within the illuminated 
area 

Following the same procedure used to derive Eq. (3.13), the sum of Eq. (3.21) is 
found proportional to [Ulaby, 1982]; 
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V 



sin [ik [N + i)AR 



sin [ikA/J] 

The Bragg resonance condition is (sec Fig.3.6) given by: 

k^R = ^/iJi = mn ; m=l,2 

A 



(3.22) 



(3.23) 




Pig. 3.6 Bragg scattering ( i n phase acidition when AR ~ m?. / 2 ) 
(Reproduced with permission of Artcch House. F T. Ulaby. 
“Microwave Remote Sensing” Vol. II. Fig li.20, Ch 1 1. 1982) 



The Eq, (3.23) can be written in terms of the spatial wavelength Lo and the angle of 
incidence 



A, 



= sind 
2 



m=l,2. 



(3.24) 



The first term (m=I) leads to the strongest scattering. 

3.1.2 Wave-scaiierer (objeci) inieraciion 

In the case of an object embedded in a medium, the object can be detected remotely 
by the radar if its permittivity is different from that of the medium, i.c.. if we have 
"electric contrast.” The physical modelling of permittivity is of great importance in 
order to predict this contrast. An example of an application of this type of modelling 
is the ground penetrating radar (GPR) used for mine detection, civil engineering 
applications, oil search, etc. [Finkelshtein^ 1984. 1994; Yarovoy, 1998; Cerniakov, 
1997]. An embedded object can be modelled, for example, using the model of 
multiple point scatterers described for the case of surface scattering (sec Sec, 3.1.1). 
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Research aclivities have been conducted [Brancaccio. 1998. 2000; Pierri. 1999, 2000] 
in inverse scattering (non-linear) modelling to reconstruct the shape of unknown 
scallerers. for GPR applications. Results of this research show the possibility to 
discriminate small cylindrical shaped objects separated by 20-40 cm in the ground. 
Research on antennas (bow-tie type) has recently been developed to allow optimal 
ground penetration with GPR \Lesiari, 2000], 

3. /, 3 Wave-medium ( volume) scanering 

Consider the geometrical configuration shown in Fig. 3.7. If the lower medium is 
inhomogeneous, or is composed of a mixture of materials with different dielectric 
properties, then a portion of the waves scattered by the inhomogeneities may cross the 
boundary surface into the upper medium. Scattering takes place within the volume in 
the lower medium (volume scattering). 

Volume scattering is caused mainly by dielectric discontinuities within the volume. In 
general, the spatial locations of the discontinuities are random. The scattering depends 
on the dielectric discontinuities inside the medium, the density of the embedded 
inhomogeneities (or the variance of the dielectric fluctuations fora random medium) 
and the geometric size of the inhomogeneities compared to radar wavelength. The 
latter is a statistical quantity for random media, e.g. the correlation length of the 
dielectric fluctuations. 



The mechanism of volume scattering causes a distribution of the energy of the 
transmitted wave into directions other than the incident, giving rise to an angular 
spectrum and resulting in an attenuation of the on-going wave within the medium 
(scattering loss). The propagating wave inside the medium also experiences a loss due 
to conduction. The total loss (the sum of the scattering and conduction losses) is 
referred to as extinction. 



Incident 
Wai#e ^ 

y ^ ^ 

/ ✓ \ 



W \\/ 



Radiated Waves 
li<iefface 



MM 

/i\ Radiated waves 



Fig. 3.7 Mechanism of volume scattering 
@1987 IEEE (Reproduced with permission of IEEE, C. Elachi, 

'Spaceborne Radar Remold Sensing: Applications and Techniques”. Fig. 2.1. Ch. 2, 1987) 
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Lasi decades, several models have been introduced blending surface and volume 
scattering [Theocarov, 1985; Andreev, 1985; Chain, 1989; Kuznetsov, 1992]; e.g., an 
intermediate layer sandwiched between two homogeneous layers. The interaction of 
electromagnetic radiation with a medium is described as volume scattering. Various 
models of vegetation [Liang, 1993; Karam, 1992] are handled in this manner. 

The loss due to conductivity can be estimated with simple considerations on the 
permittivity of the medium based on physical medium properties described in Sec. 
3.1. The imaginary part of the permittivity represents the capability of the medium to 
absorb electromagnetic energy and transform it to another type of energy (e.g. heat). 
Consider, for example, a plane wave propagating in a lossy homogeneous medium 
[Elachi, 1987], viz., 

£ = ; e,=£'-je' ■ ko=(uyc =2fr/A (3.25) 

If we assume that e" «e ,thcn 



4^, =4^' - jy =4e-j-^ 

2VE 






with the attenuation given by 



(3-26) 



(3.27) 




The power of Ihe wave can be written as a function of x as follows: 



(3.28) 



(3.29) 



The penetration depth is defined as the distance at which the power reduces to the 
value p(0)p'^ corresponding to a loss of 4.3dB. We have, then [Elachi, 1987], 
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I 

2Jt€' 



(3.30) 



This can be expressed as a function of the medium loss tangent (tan<S = £*/£'), so 
lElachi. 1987]: 




(3,31) 



It can be seen from Eq. (3.31) that penetration depth decreases with the increase of 
frequency. The loss tangent of the natural surfaces depend on temperature, humidity 
and salinity and it varies over a wide range of values. For pure ice, dry soil and 
permafrost it is less than 10"". For wet soil, sea ice and vegetation, it is around IC’ . 

The loss tangent increases and penetration decreases, with the presence of liquid water 
present in the medium. For example [Daniels, 1996], for sandy dry soil 
(£'“5, ian5~0.01), the penetration depth [cf, Eq. (3,31)] is - 7A ; for sandy 

wet soil (e' 20, tan 5 ^ 0, 1 ), the penetration depth is reduced to Lp -0.3A. 



The penetration of the field in the medium is inversely proportional to the effective 
conductivity, which, in turn, is proportional to the loss tangent. For a medium 
characterized by a large effective conductivity, the field is almost completely 
reflected. This is the case for sea water at microwave frequencies, 

3.1.4 Effects on the polarization state of an electromagnetic wave 

A physical model of a medium is important because its permittivity (electrical 
properties) and other physical properties (inhomogeneities, discontinuities, etc.) affect 
the polarization state of an electromagnetic wave. For example, the electric properties 
of the sea surface cause horizontally polarized waves to be better reflected than 
vertically polarized ones [Stratton. 1941]. For a particular angle of incidence on a 
smooth surface (i.e., Brewster’s angle), the signal level of a vertically polarized wave 
can vanish completely (the reflection coefficient equals zero). So, we have a 
“polarizing" effect; only the horizontal component of a field incident at the Brewster's 
angle is reflected. 



Propagation modelling is important in the study of the effects of scattering, or 
multiple reflections, on the polarization of electromagnetic waves. For example, in the 
case of bi -static radar a two -ray propagation path model is used to describe the direct 
and reflected (indirect) paths between the transmitter and the receiver. The 
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pmpagalion over these two paths induces an interference pattern at the receiver. The 
received field is proportional to 

Rp + (3.32) 

where 

= resultant field (ratio with the direct field) 
p = reflection coefficient (amplitude) 

<() = phase of the reflection coefficient 

= phase difference between direct and reflected paths 

In the case of reflection from sea surface (good conductor), the magnitude of the 
reflected wave is much smaller for vertical polarization than for horizontal 
polarization. This reduces the amplitude of the vertically polarized sea-reflected wave. 
The major contribution to the resultant field is given via the direct path. In this case 
(vertical polarization), the nulls of the interference pattern are reduced compared to 
those for horizontal polarization. With horizontal polarization, we have significant 
contribution from both direct and reflected paths, resulting in interference patterns 
which can have deeper nulls. 

Effects on polarization arise also from the degree of roughness of a reflecting surface. 
In the limiting case of a very rough surface, the direct propagation path is dominant 
with respect to the reflected path for both polarizations (vertical or horizontal). The 
interference pattern in this situation has no deep nulls. 

In general, the complex reflection coefficient (amplitude and phase) is different for 
the vertical and horizontal components of the electromagnetic field. This produces the 
effect of rotation or "depolarizing” of the reflected electric field. Changes in the phase 
of the reflection coefficient add to or subtract from the phase difference Ai? between 
the direct and reflected paths. This may cause variations in the interference pattern as 
well. 

3. /, 5 Sysiem design aspects 

Physical modelling is important whenever the problem of remote sensing necessitates 
knowledge of the dependence of the scattered field characteristics on frequency, 
polarization and propagation conditions. A minimum number of different remote 
sensing fields should carefully be selected in order to optimize the process of 
recognition of various types of surfaces (scatterers) with an adequate degree of 
accuracy. Criteria of optimality may be found by a comparison with classes of 
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concretely solved problems. However, physical modelling of an investigated object 
should always be at the core of the investigations. This approach, in our point of view, 
precisely motivates different methods and techniques of remote sensing and answers 
the question "why remote sensing at wavelength has to be done even when remote 
sensing data at wavelength A, is available." It is because new additional information 
is obtained and the relationship between data at A, and An can be crucial in 
investigating the problem. An important motivation for physical modelling is to get a 
deeper insight into the core of the pattern recognition problem. Such insight may 
uncover new features of an investigated object and, thus, is fundamental. 



3.2 Mathemuticul modelling 

Once a physical problem is established (for example, scattering of electromagnetic 
waves from vegetation-covered ground surfaces), a mathematical model is needed to 
solve it, e.g. to compute the scattering cross section of the surfaces under 
investigation. 

3. 2. } Description of the mathemaiical model 

The mathematical model consists of the following components; 

a) Maxwell's equations governing the electromagnetic fields in air. vegetation, soil or 
sea, 

b) The electromagnetic properties of the ground region (complex permittivity, losses, 
anisotropy and inhomogeneities), 

c) Statistical characterization of the vegetation layer. 

d) Statistical characterizations of the ground-vegetation and vegetation-air random 
rough interfaces. 

For the computation of the scattering cross section (matrix), we proceed through the 
following steps: 

1) Consider a physical model of scattering (see Sec, 3,1) that describes the physical 
problem to be solved. For example, the scattering of electromagnetic waves from a 
surface (surface scattering model) covered by vegetation (scattering layer model). 

2) Define the conditions for the electrical properties (permittivity) and the physical 
characteristics (roughness, etc.) at the boundaries where the scattering (boundary 
phenomenon) occurs. 

3) Postulate the statistics of the fluctuations of the scatterer’s properties. For example, 
the statistics of surface heights variations (surface scattering) or the statistics of the 
permittivity fluctuations (volume scattering). 
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4) Compute the scattering cross section < 7 ,. i.e.. the ratio between the scattered power 

per unit solid angle and the power density (per unit area) incident upon the 
scalterer, from Maxwell’s equations with the boundary conditions as defined in 
steps I, 2 and 3. Different methods are used to compute < 7 , depending on the type 
of scattering (single or multiple) and the size of the scatterers compared to the 
radio wavelength X. Use is made of the Kirchhoff method if A « Lj, or the "small 
perturbation" method if [Ulaby, 1982]. For the case of multiple scattering, 

the "radiative transfer theory" is used; the latter is based on the physics of transport 
of energy through a medium (volume) composed of particles [Ulab\\ 1990] or on 
the higher order perturbation theory [Ogilvy, 1991]. 

5) The result in the Kirchhoff "small perturbation” or radiative transfer methods is the 
parameter o, depending on the statistics postulated for the random fluctuations of 
the scattering medium, 

6) The computation of o, i^ done for all polarization combination (V,H) of the 
transmitting and receiving antennas. The result is completely described by the 
Stokes matrix [Fung, 1994]. The elements (amplitude and phase) of the Stokes 
matrix are expressed as functions of the elements of the scattering matrix S defined 
in Eq. (2.10) and Eq. (2.11) of Sec. 2.2. 

The validity of this model can be tested through actual experiments. The scattering 
cross section computed on the basis of the mathematical model is compared with 
measured statistics (amplitude and phase) of the scattered signal. If discrepancies 
exist, the mathematical model must be modified to account for the experimental data. 
For example, at some frequency regimes, or small grazing angles (in the case of rough 
surface scattering), multiple scattering effects must be accounted for. The statistics 
assumed for the fluctuations of the random medium should be modified, for example, 
with a "wider" variance of the distribution to account for the multiple reflections and 
with a "narrower" correlation function to simulate highly decorrelated (incoherent) 
reflected signals. This modelling of the fluctuations in a random medium can be 
verified experimentally. For example, for surface scattering we can derive from 
measurements of the "polarization ratio" [ratio between the reflection coefficients 
(Fresnel) for vertical polarization and horizontal polarization] the value of the 
complex permittivity of the medium [Logvin. 1998] for a given incident angle of the 
electromagnetic wave. This polarization ratio is equal to the ratio of the voltages of 
the signals in the orthogonal channels of the receiver. From the measurements of this 
voltage ratio for small increments of the incident angle, we can obtain a recording in 
space of the complex permittivity. Repeating the measurements for each point of the 
surface under investigation, we obtain a statistical distribution of the permittivity. 
Using the profiles of the permittivity measured in various directions we can compute 
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the correlation function. This function is used to conect the mathematical model (c.g. 
Gaussian or exponential), 

A different method to determine the permittivity is based on measurement of the delay 
of the received electromagnetic wave pulse after propagation in the medium (volume 
scattering). From a recording of the delay, we can compute the propagation velocity v: 




(3.33) 



This expression can be used to derive the value of the relative permittivity 
provided that the latter is real. From the measured profile of we can derive the 
correlation function. 



The first method of “polarization ratio" has been proven useful [Bogorodsky, 1985] 
for stime types of rough surfaces. It has also been shown to be accurate as it is based 
on relative measurements (voltage ratio). The method based on absolute 
measurements of propagation speed may be less accurate. So far. we have described a 
mathematical model that leads to the computation of the scattering cross section <7, 
based on theoretical modelling of the statistics describing the fluctuations of the 
random medium. Examples also have been given illustrating the experimental 
verification of the theoretical statistical model. If we have available experimental 
statistics of the scattered signal, we can estimate or recognize the type of scatterer 
under investigation by comparing the experimental distribution of the signal against 
known statistics of the signal obtained forgiven configurations (types) of scattcrers or 
scattering surfaces. This method ofcomputing requires statistical modelling of the 
scattered signal (amplitude and phase of the elements of the scattering matrix), 

3.2.2 Siatisiical tnodelling of the scattered signal 

Ibe statistical nature of received signals is a basic fact in all scattering problems. e,g. 
scattering from a random surface. Received signal fluctuations take place due to 
variations in the phase relationships of signals from separate object elements moving 
with respect to a radar, or due to the change of scatterers in a resolution cell during the 
remote sensing process. The scattering matrix is one of the fullest descriptive 
statistical characteristics of a remote-sensed surface. The elements of this matrix can 
have different distribution parameters depending on the type of a remote-sensed 
surface. In spite of the fact that many publications have been devoted to statistical 
distributions and processing of signals, this problem requires further investigation. 
The statistical models of the scattered signals need further verification against 
experimental data. It is especially a vital problem in remote sensing systems for which 
there are relatively few data available. 
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In most publications on staiislics in remote sensing, normal dislribuiions or their 
modifications, like Weibull, Rice. Nagakami and a number of other statistics, are 
assumed [Kozlov, 1992]. The application of these distributions is connected to their 
relative simplicity in performing signal analysis and the possibility of analytical 
representations of the results. Discrepancy between a model and a real distribution is 
especially evident when the statistics of objects under consideration are affected by 
the different statistics of the background. This differentiation in statistics can be used 
for extraction of the desired surface characteristics from the background clutter or to 
distinguish between fluctuating and stationary targets. For example, if a radar system 
observes a vegetation tree canopy as a function of time, the backscattered signal 
consists of the sum of a constant echo from the trunks and a fluctuating echo from the 
leaves and branches as they move in the wind. In this case, the Rician probability 
density function may be a gcx)d model of the statistics of the backscaiter from heavily 
wooded terrain. 

Intensive experimental investigations in the field of classification of statistical 
measurements are being carried out over a wide range of wavelengths, with different 
polarizations, various surfaces and volumes. 

Distributions based on experimental parameters can be modelled accurately well. For 
example, the K-distribution (although used in other fields before) has been applied to 
remote sensing problems only recently. The K-distribution is nowadays widely used 
m the theoretical investigations of scattering problems in Russia [e.g. Kozlov, Logvin 
and Lurin, 1992] and in the Western World, e.g,, [Ulahy and Dobson, 1989]. This 
distribution gives the best approximation for reflections from (rough) sea surfaces. 
The generalized K- distribution can be identified by two components of disturbances. 
The first component arises from scattering by sea waves structures with a long 
correlation time. The second component is formed by the scattering from a large 
number of small elements and it exhibits a lower level of amplitude fluctuations. 

As a consequence, it has been shown that the K-distribution is a composite of the 
distribution with a long correlation time and the Rayleigh distribution with a short 
correlation time [Kozlov, 1992], Experimental studies have indicated the relevance of 
the K-distribution model in comparison to the normal, Rayleigh. Weibull and other 
probability distributions. A more accurate description of the statistical distribution is 
of prime interest when extracting the desired object characteristics from clutter 
signals, e.g, those due to the ice formations or oil spots over a rough sea surface. In 
such cases, the difference in statistics of the signals from the desired objects and from 
clutter is applied. On the basis of signal analysis, the information due to these 
differences can be calculated and the process of a useful object acquisition is carried 
out by means of specified algorithms. The application of the K-distribution for 
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extraction of useful signals with Rayleigh distributions has shown a dose fit with 
expected results. 

From a statistical point of view, there are several different approaches for modelling 
radio wave scattering processes. For example, experimental data such as histograms 
of reflected signals can be taken as a basis. After that, using a corresponding best-fit 
criterion, these histograms are tested for adequacy by comparing the results with 
distributions known from literature. 

Another approach can be applied if single measurements are available. In this case, 
various signal statistics are assumed and conditions under which the real experiment 
is carried out are modelled. The result of the experiment is then compared with the 
result obtained by the mathematical modelling process by means of known rules. 

A third variant is applied when the corresponding experimental data are not available 
or the conditions under which these experimental data were obtained are not precisely 
known. In that case, the whole scattering process is modelled. i.e„ the statistics of the 
incident signal on the surface, the statistics of the surface itself and the interaction 
process (not physically but mathematically). Then, by means of an enumeration of 
possible incident wave signals and the statistics of the surfaces, the corresponding 
data bank of the reflected signal statistics is derived. This data bank can be compared 
with the data bank of statistics obtained from new experiments. 

It is obvious that the different statistics of an incident signal are quite limited and the 
main part in the scattering process is played by the statistics of the surface. Here, 
various models for roughness and dielectric constants can be assumed. The problem 
becomes especially sophisticated for surfaces covered with vegetation (forests, 
agricultural areas, etc,). Nevertheless, various models of such surfaces are widely used 
in mathematical modelling. 

3.2.3 Measured siaiisiics of scanering nunrix coefficienis 

To see the effects on polarization, we show below a few examples of measured 
statistics of the amplitude and phase (relative phases of the scattering matrix 
coefficients) of the scattering coefficients of various types of surfaces, at different 
frequencies and incident angles and for all polarization combinations [UIaby\ 1990]. 
In Fig, 3.8. the histograms of the measured amplitude of the scattering coefficients for 
a rock surface are shown in all polarization combinations. 
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Fig. 3.8 Mca&jrcd disiiibulion of ampliiuJes (a) . (b) , (c> <T^, . for a rock surface 

<Rcprodiiced with permission of Ailcch House. F.T. Ulab>. 

“Radar Polarifnetr> for Ocoscieme Applications". Fig. 5.29, Cb. 5. 1990) 



The frequency of ihe electromagnetic wave is 35 GHz. "nie incident angle k 60® 
(relative to normal). We notice that the mean values of the co-polar amplitude 
components and are larger than those for the cross-polar components . 
The standard deviation of the co-polar components is significantly smaller than that of 
the cross-polar. The amplitude distributions 0 ^® , resemble an "inverted” Rayleigh 
form. The distribution of tends to be more of a Gaussian type. 



In Fig. 3.9 histograms aie shown of the measured relative phases of the scattering 
matrix elements for a rock surface. The difference is uniform, while the 

difference between the co-polar components is Gaussian. 
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Fig. 3.9 Measured distributions of relative phase fur a rock surface; (a) 

(Rcpnxiuccd with permission of Aztech Uousc. F.T. Ulaby. 

‘ Radar Polinroeiry for Geoscience Applica lions*'. Fig, 5.30. Ch. 5. 1990} 

A histogram of the measured relative phase (co-polar term ^^^)for a rough sand 
surface is shown in Fig. 3,10. The distribution for this type of surface resembles a 
Maxwellian one. 




Fig, 3.10 Measured disiribuuon of ^.v ^ surface, 

(Reproduced udth permksiun of Ariech House. F.T Ulaby. 

"Radar Polarimeicy for Geoscience Applications'", Fig. 5.31. Ch. S. 1990) 
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All cases described above refer to measurements done at a frequency of 35 GHz and 
an angle of incidence of 60®. Changing the frequency from 35 GHz to the L-band and 
with an angle of incidence of 50®. the measured amplitude statistics for grass surface 
[Ulaby^ 1990] are very similar to those obtained at millimeter wavelengths. The 
comparison of the phases is more interesting. The histograms of the measured relative 
[biases at L-band vary from the case at millimeter waves. The most significant 
difference is noticed in Fig, 3.11 for the co-polar difference which is 

uniform compared to the Gaussian form of the case at 35 GHz. This indicates that 
phase statistics from polarimelric measurements of the scattering matrix coefficients 
can provide additional useful information on the scattering surface. 




Fig. 3,i 1 Relative phase disiribuiion for gras> surface measured at 
L-band for irtcident angle of 50*. (a) • (b) ^ 

(Reproduced with permission of Ariech House, F.T. Ulaby. 
"Radar Polarimeiry for Geoscience Applications", Fig. 5.34. Ch. S. 1990) 



3.2. 4 Coherent-incoherent scattering 

Al the conclusion of this descriptive chapter on modelling of scattering, we would like 
to make a few comments on the coherence-incoherence characteristics of scattering. 

Coherent-incoherent scattering has important physical effects on the scattered signal. 
In Sec. 3.1,4. on physical scattering modelling, examples were given of scallering 
from multiple sources producing interference patterns al the receiver. One important 
consideration was that a very rough surface could cancel the contribution of the 
reflected (incoherent) component lhat is diffused by scattering. The major 
contribution lo ihe received signal would ihcn be the coherent part of the signal due lo 
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the direct propagation path from the transmitter to the receiver. For a less rough 
surface, the incoherent component experiences a lower order of scattering and 
contributes to the total signal, producing an interference pattern in combination with 
the coherent part. The most pronounced interference pattern (deep nulls) is formed in 
the case of a smooth reflecting surface. The horizontal polarization in the example 
considered on sea water was expected to contribute more than the vertical one to the 
total (coherent + incoherent) received field. 

The coherent-incoherent concept is also important for the mathematical modelling of 
scattering where polynomial expansions are postulated for the field composed of a 
coherent component summed to additional (incoherent) higher order “perturbation" 
terms. It is shown \Ogilvy, 1991] that if we use higher order (higher than first order) 
perturbation terms, the diffused (incoherent) component due to scattering from a 
rough surface affects also the coherent component of the signal. This is not true if we 
only use the first order approximation of scattering \Ogilvy, 1991]. It would be 
therefore valuable for the verification of this theory, to compare measured statistics of 
fields (coherent part) with the statistics of the total field (coherent + incoherent) 
computed by the theoretical modelling of perturbations. 

We consider at this point a very simple case to illustrate the problem. We have a 
signal composed of a strong specular reflection component (coherent) and a diffused 
(incoherent) component due to scattering by multi-path as characterized in Fig. 3.12. 

Specular (coherent) component 




The effects of the rough surface on the specular component are shown in Fig. 3.13: 
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Fig, J.I3 Specular and diffused componenis (delay power speciium) 



In this case we have an increased total multi- path dispersion (Odi * Cdi) compared lo 
the case (Od) of Fig. 3.12, 
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Summary of Available Scattering Methods 



4.1 Intniduction 



In Chapter 3, we provided a descriptive introduction to the physics of scattering 
(physical modelling) and the statistics of scattered signals (mathematical modelling). 
In the last part of that chapter we also discussed the problem of using different 
approximations in the scattering model with regard to the accuracy of the prediction 
of scattering. In this chapter, we present an overview of the available scattering 
methods used to calculate the scattering cross section in random media. We consider 
two types of scattering: (a) surface scattering and (b) volume scattering. The major 
difference between the two is the depth of penetration into the medium. For surfaces 
of lossy media (such as wet soil), the scattering originates at the surfaces and the 
volume effects are usually ignored. For volume scattering media, such as vegetation 
and snow cover, the penetration may be significant and scattering within the volume 
may become the dominant scatter contribution. 

For surface scattering use can be made of the small perturbations method and the 
Kirchhoff method. For volume scattering, we shall discuss briefly the radiative 
transfer (or transport) theory. 

4.i.I Periurhaiion theory of scattering 

Loid Rayleigh proposed for the first time (end of 19* century) the method of small 
perturbations for the description of wave scattering from a surface separating two 
media. This method has been developed further by a number of other authors. The 
fullest description of this method can be found in [Bass and Fuks. 1972], We present 
here an overview of the method of small perturbations. The method of small 
perturbations is used under the following conditions: 

= {2k(7f, cos f « 1 (4.1) 




(4.2) 



where 
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= Rayleigh parameter 
k = wavenumber 

is the variance of a zero- mean height profile 
h = J of a scattering surface S(^) 

/. = the radius of the spatial correlation of the random function h = ^ (x,y) 

0^ = angle of incidence (with respect to the normal to the average surface 

assumed to be the 2 = 0 plane) 

The total wave field (/ (r) at position f in the presence of a scatterer may be written 
as the sum of an incident and a scattered field: 

U{r) = U'‘'"{f) + U‘^{r) (4.3) 

A scattered wave field is represented in the form of a series fj + t/, , 
where is the reflected field from an undisturbed (averaged) boundary and are 
disturbances (small corrections to caused by the roughness) with The 

roughness effect on a scattered field can be taken into account by introducing 
effective currents on an averaged surface. Such currents depend on the magnitude of 
surface perturbations. 

• Sniall perturbations: first-order theory 

If the conditions of small perturbations [cf. Eqs (4.1) and (4.2)] are applicable, the 
rough scattering surface S(^) deviates from the mean surface 5*y (assumed to be the 
plane x = 0) by a quantity smaller than the wavelength A. 

From the knowledge of the total scattered field on the plane x * 0, the scattered field 
at some distance from the surface can be computed using the Helmholtz integral 
formula [Ogilvy, 7991], If the rough surface has a zero mean value, i.e.. ^^^ = 0,it 
can be shown that to the first order approximation. 



(r)> = 0 (4.4) 

This indicates that first order perturbation predicts no change to the scattered coherent 
field. That is, the coherent field scattered from a slightly rough surface is the same as 
that from a smooth surface. However, we do have a contribution to the diffused 
scattered field. The latter contributes to the averaged scattered intensity via the 
relationship 
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</|> = <|i/,|*> (4.5) 

To calculate the diffused scallcrcd inlensily, we consider the case of an incident plane 
wave of the form 

= (4.6) 

From the geometry shown in Fig. 4.1, the incident and scattered wave vectors are 

given [Ogilvy, 1991] as follows: 

- 1 cos 0| ) (4.7) 

kjf =k[x sin 03 cos 03 + y sin Oj sin 0^ + 1 cos ) (4.S) 



where a, are unit vectors along the Cartesian co-ordinate axes x, y, z, respectively 
and k is the wave number. 




Fix 4 . 1 Scaticrinx gcumeiry for a plane mavc ircidence 
(Reproduced with permission of lOP Publishing Lid. J.A. Ogilvy, 

‘Theory ol Wave Scattering from Random Rough Surfaces. Fig. 3 l.Ch, 3. 1991) 



For stationary surfaces, the averaged scattered intensity is given by [Ogi7vy, 1991] 



(^a,(n> = 



... _ 4*“’ cos^ 0| cos^ 0 - 












(4.9) 
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where is the area of the mean plane of the scattering surface and v^. j is the 

surface power spectrum defined by 

(4.10) 

where 

C(/ 0 j) = Correlation function of the surface height fluctuations at different 

surface points separated by the vector 
p^ , p^ = Cartesian components <x, y) of the vector p^ 

V,, Vy = Cartesian components (a, y) of the unit difference vector k,^ - , 

given by v, ==/c(sin^i -sin^jcos^j) , = -ft sin sin ^5 (4.11) 

It can be seen from Eq, (4,9) that only the components in the x and y directions of the 
vector difference between incidence and scattering determine the strength of the 
scattered intensity in all directions. This result is known as “selective scattering” 
[Ogilvy. 1991), 

Various autocorrelation functions have been modelled in the literature by various 
authors [Ogilvy, 1991; Ulaby and Dobson. 1989). The most frequently used functions 
that compare well with experiments are of Gaussian or exponential form. The "width" 
of the correlation function determines the region where we consider the scattering to 
be correlated. For the Gaussian correlation function, we have specifically 

= W-12) 

corresponding to homogeneous, stationary and isotropic fluctuations (dependent only 
on the magnitude p^ of the vector p^), The correlation distance equals!. At this 
distance, the correlation is (1/e)^ of its maximum value. 

The surface power spectrum computed from the Fourier transform [Eq. (4.10)] of the 
correlation function Eq. (4.12) is given by 




Summary of Available Scotiering Methods 



73 







4n 



(4.13) 



The quantity vf + vj is determined from Eq. (4.11) as a function of the geometry of 
scattering (angles 6 ^y& 2 >By) described in Fig. (4,1), For example, in case of 
backscattering in the azimuthal plane (x, z) i.e. ^ 0 , we compute v»J + vj =4sin^0| 
and the surface power spectrum of Eq, (4.13) is given by 

pL , „ ) = (4.13a) 

' 4;r 

For the standard deviation and the correlation distance of the surface fluctuations, 
various models can be adopted, depending on the nature of the surfaces, for example, 
sea surface in the microwave region. At low grazing angles and moderate wind speed, 
the small amplitude capillary waves (formed on top of the large gravitational waves) 
may be the dominant cause of scattering. The standard deviation can be characterized 
as a function of wind speed statistics. 

The correlation distance (length) is a function of the size of the waves characterized as 
small turbulent "eddies" (scale of turbulence). The scale of turbulence is a statistical 
quantity that depends on the velocity of the eddies (forced by wind speed) and the 
superficial tension of the fluid. The tension is a function of pressure and temperature 
variations at the interface between the sea and the troposphere [Massey, 1968, 
Landau. 1979]. 

By these statistical considerations on scattering, we aim to emphasize that for the 
prediction-design of a polarimetric radar we would need a method to calculate the 
surface statistics required for the computation of the diffused scattered intensity [cf. 
Eq. (4.9)], No such theoretical method seems to be available. Experimental statistics 
are available for some cases and were reported in the previous chapter, 

• Depolarization effects of scattering 

Incorporating polarization effects (vector-valued, first-order theory), the averaged 
diffused intensity (cf, Eq, (4.9)] for any polarization (p, q) of the transmitter and 
receiver is given by [Ogilvy, 1991]: 

^ 2 ' P.0=V,H (4. 
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Here is an angular factor dependent on the polarization (horizontal H 

or vertical V) of the incident (p) and scattered (q) waves. This polarization factor is a 
function of the scattering angles (see Fig. 4.1) and the permittivity of the 

scattering surface. Mathematical expressions of the four polarization factors (HH. HV. 
VH and VV) arc given in [Ogilvy, 1991]. 



This first order perturbation theory predicts no depolarization for scattering in the 

azimuthal plane (x, z) (fi-, =0), i.e.. ^ for p ^ q . It is important to notice 

that the first order perturbation predicts depolarization effects on the field scattered 
from a (slightly) rough surface for scattering out of the azimuthal plane. 



An example of a depolarization effect by a rough surface is illustrated in Fig, 4,2b. A 
comparison i.s made to the case of a smixrth surface in Fig, 4.2a. 




s 




Fig. 4.2 (a) Reflection from a smooth surface, (b) Depolarization of vector waves by a rough surface 
< Reproduced with permission of lOP Publishing Ltd. J .A. 0^1 vy 
‘Theory cif Wave Scattering from Random Rough Surfuccii ', Fig, 5,1. Ch. 5, 1901) 



If the incident wave vector is in the (;c. 2 ) plane (0, =0),the wave reflected from a 
smooth surface will be in the same plane (x, c) the incident wave (Fig. 4,2a), If, 
instead, the surface is rough (Fig. 4.2b), the scattered wave vectors are not necessarily 
all on the (;?, z) plane (wave vectors are scattered by the surface height variations in 
the y-direction). Depolarization will then occur, depending on the degree of roughness 
and boundary conditions at the surface. Roughness will affect the relative polarization 
components (V or H). causing a rotation of the polarization of the scattered field. 
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• Hi i^er order perturbation: modified theory 

The second order perturbalion theory [retaining terms of order in Eq. (4.3)] 
predicts a change in the coherent field scattered from a rough surface. The second 
order perturbation term (U,) is not zero in this case. It is proportional to the variance 
and the correlation function of the surface fluctuations [Bass, 1979]. The diffused 
scattered field intensity is given by 

</2 >^<U2(/2> (4.15) 

This expression contains the 4'^ moment of the surface fluctuations and the so-called 
three-point and four- point surface correlations, which are not known in general, or are 
very difficult to model. This illustrates the mathematical complexity when higher 
terms, above the first order, have to be considered. 

An alternative perturbation theory that circumvents this complexity is derived by 
[Lysanov, 1970], In this theory, the total field is written as the sum 

y(r)=<t/(r)>+-t/^(r) (4.16) 

where denotes the coherent field component and the diffused field 

component. The coherent component is assumed of the form 

<U{r)>=U‘’'‘ ^p,Uo (4.17) 

where is a plane incident wave, is the scattered wave from a smooth surface 
and is the reflection coefficient of the scattered wave. can be written as 



(7o = 



(4.18) 



with the Fresnel reflection coefficient for a smooth surface. 

The expression for in Eq. (4.17) gives the correction to the Fresnel reflection 
coefficient due to the rough surface. For Dirichlet boundary conditions (expanded to 
the first order in ^), isotropic scattering and small perturbations conditions, the 
coefficient is given by [Ogi/vy, 1991] 
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p, = [l-2(i(T,cos5,)^l (4.19) 

where is the standard deviation of surface height fluctuations and 6^ denotes the 
angle of incidence (with respect to normal). 

It should be noted from Eqs (4,17) and (4.19) that the modified theory of small 
perturbations predicts a change in the coherent scattered field, due to surface 
roughness. 

Other corrections due to roughness have been derived and confirmed by experiments 
[Ameni, 1953], [Beard. 1961]; specifically, we mention the exponential model 

,4 20) 

or this expression multiplied by the factor /g ^2 . where is the 

modified Bessel function of zero order [Miller. 1984]. For A^fTyjCOsdj « 1, we obtain 
the expression for given in Eq. (4.19). 

It is shown by [Ogilvy, 1991] that this modified second-order perturbation theory 
leads to an expression of the average diffused intensity proportional to the intensity 
calculated in the first-order approximation: 

{/*'>) =r;(/'y , p,g = V,H (4.21) 

The coefficient of proportionality is given by 

»j = (l + p,)(l + p;)/4 (4.22) 

In general, is a complex quantity. In our approximation of small perturbations it is 
a real quantity, as given in Eq. (4,19), or Eq. (4.20). It should be noted that in our 
approximation the correction p, due to roughness is not dependent on polarization. 

For the coherent component of the scattered wave we consider the exponential model 
for the reflection coefficient [cf. (4.20)]. The coherent scattered intensity is given by 






(4.23) 
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where the exponential term in Eq, (4,23) gives a reduction in the amplitude of the 
specular component due to roughness. The “roughness” parameter is the Rayleigh 
parameter defined in Eq. (4.1) and is the intensity scattered from a smooth surface 
(specular component), given by 



= (4.24) 

To see the effects of both coherent and diffused components of the scattered wave, we 
examine the case of back-scattering. 

The average intensity of the diffused component per unit solid angle, for any 
polarization (p.q) of the transmitter and receiver, is derived from Eqs (4,13a), (4,14), 
(4,21) and (4.22). and is given by 



<jf >= 



J(1 + p, )(l + p, )cos^ 0, . f ^ I 



InL SID 



*■)■ 



(4.25) 



as a function of the Rayleigh parameter P^. For scattering in the azimuthal plane 
(0^=0) the polarization-dependent term^p^ is zero for (zero cross- 

polarization components) and for p = q, this term is equal to the Fresnel reflection 
coefficient fora “p-polarized” or "q-polarized” field (co-polarization components). 

Eq. (4.25) shows a linear dependence between the diffused intensity and . The 
slope (tan of the line is given by the quantity in the square parenthesis of Eq. (4,25). 
The slope (rate of change) of the backscatter diffused intensity is shown in Fig, 4.3 as 
a function of P^ for three different ratios of Li k keeping the other parameters 
constant. It can be seen that the slope decreases for larger values of L/A . 

It can be also noticed from Eq, (4.25) that the backscattered intensity is very small at 
low angles of incidence with the scattering surface (zero for ~7Cf2). The intensity 
becomes significant for Q^«Kf2 (around normal incidence). The backscatter 
intensity increases with the reflection coefficient and with the “roughness" a* in 
the Rayleigh parameter P^, 
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With regard to the effects of polarization (term in Eq, (4. 25)|, the following has 
been established [Vlaby, 1982; O^ilvy, 1990] for 
p = V (vertical polarization) 
q = H (horizontal polarization) 

surface roughness-wavelength ratio /A ~ 0.01 -0,03 : 

(1) For IfX <1: 

For angle of incidence in the interval 0<6^, <7T/2. the HH intensity 
component is smaller than the VV component. The HH component has a faster 
angular “drop-off’ than the VV component. 

At low grazing angles, in theinterval 6O*<0j<9O*» the VV component is 
much higher than the HH component (-0). 

(2) For UX - 1 : 

The VV and HH components have approximately the same intensity and 
angular “drop-off with increase of the angle of incidence. 

At low grazing angles in theinterval 40'<5j<90\ both VV and HH 
components are zero. 

The cross-polarized backscatter components VH and HV, predicted by the second 
order perturbation theory of [Fung. 1968] and [Valenzuela. 1967], are not zero. The 
VH or HV components have an angular “drop-off (as the incidence angle increases) 
faster than the VV component and slower than the HH component [Ulaby. 1982], 

The effect of increase in permittivity is an increase of the cross-polar VH components. 
With regard to the co-polar. the effect of increase permittivity is a slower angular 
“drop-off for the VV component and a faster “drop-off for the HH component 
[Ulahy, 1982]. 

The total backscattered intensity (see Fig. 4,3) may be written as 

<‘^>=‘c<,k+<>d> (4.26) 

where the coherent component is given by Eq. (4.23) and the diffused component by 
Eq. (4,25), both as a function of the Rayleigh paramete . By inspection of these 
two components, we note the following two limiting cases: 

(a) For ssQ (no roughness), the diffused component is zero and only the coherent 
(specular) component is present. 
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(b) For — > oo (large roughness), the coherent (specular) componcnl vanishes. The 

contribution of the diffused component increases giving rise to incoherence 
(multi -path) in the received scattered wave. The depolarization effects due to 
roughness and phase-delays caused by multi-path arc also present. They can be 
computed from the polarization factor <p^ in Eq. (4.25) for the diffused term. 

As far as dependence on correlation-wavelength rado, this theory predicts the 

following: 

(c) For £/A = 0, no diffused component is present; the coherent component is 
dominant. 

(d) ForL/A — > CO , the diffused component decreases and approaches zero because of 
the exponentially decreasing term in Eq. (4.25). 

These considerations are illustrated in Fig. 4,3. 




Fig. 4.3 Tout scaUcred intensity (Srnall Perturbation Theory) 
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Where 




; for Ihree values of ft, ft 



|cf. Eq 4.25] 



• Multiple scattering 

The method described sofar ignores the effects of multiple scattering from a rough 
surface. This is the mechanism by which energy is not transferred directly from the 
incident wave into the scattered wave. The incident wave may become “trapped" 
within the undulations of a rough surface by interacting several times with different 
parts of the surface before it is scattered away from the surface. This process is shown 
in Fig, 4,4, 



Ttitrd 'Order 

•C4tteriitg SMOfid-ordtr 




Fig. 4.4 lljudtratjon of null Up le scattering from a rough surface 
(Reproduced with permission of lOP Publishing Ud, J.A. Ogitvy, 

'Theory of Wave Scattering from Random Rough Surfaces '. Fig. 6. 1 , Ch, 6, 199 1 ) 



The “order" of multiple scattering is the number of reflections of the electromagnetic 
field from the undulations of the rough surface. The multiple scattering effects 
become more significant as the surface gradient increases, e.g., either by an increase 
of the surface height fluctuations or as the angles of incidence and scattering 
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increase (with respect to the normal). The gradient of a rough surface is a statistical 
quantity; specifically. 



Gradient ~ y 



L 



(4.27) 



where is the standard deviation of surface heights. L is the surface correlation 
length and y is a coefficient of proportionality. 

The latter depends on the model assumed for the random fluctuations of the surface. If 
the random process is Gaussian, zero-mean, with correlation function of Gaussian 
form, the coefficient y ts equal to yfz . If the correlation is exponential, y is equal to 
one lUlaby, 1982]. 

The most significant effects of multiple scattering are the depolarization of the 
scattered field and the distortion of an electromagnetic pulse shape. The pulse energy 
distribution is also spread-out. This effect increases with an increase of the number of 
reflections “n" and the order ‘7” of scattering. The distribution is of Poisson type (see 
Fig. 4.5) [Uscinski, 1977]. 

Based on the previous considerations made on the physics of multiple scattering, a 
phenomenological description of the order is as follows: 



l=‘k^e,Ax (4.28) 

L/ 

Here. L is proportional to the gradient of the rough surface defined in Eq. (4.27), 
is the angle of incidence with respect to the normal and Aj: denotes the size of the 
region of surface where multiple scatter occurs. The latter can be limited by the 
electromagnetic pulse width or by the antenna beam (foot-print). 
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Hig. 4,5 Dii^ributjon of energy over different orders of scouenng 
(for increasing propagation distance through the randorrk medium ^ 

(ReprodiKed with permission of The Me Grsw*Hill CompanieSi B J, Uscinski, 

'The Elcmcms of Wave Propagation ioRurdom Media”. Fig. 5*4. Ch. S.^McGraw-flillCo. 1977} 



The effect on pulse shape for increasing order of scattering ”f' is shown in Fig. 4,6. It 
should be noted that the pulse transmitted at t » 0 is elongated in time-delay due to 
multiple scattering [Shtshov, 1968, 1973]. 




Fig. 4,6 Pulse shape versus delay spread 
(Reproduced with permission of The Me Graw-Hill Companies. BJ. Usdnski. 

'The Elements of Wave Propagation in Random Media". Fig. 5*5. Ch- 5. ©Me Giuw-Hill Co. 1977) 



The effect of multiple scattering on the average reflected field is taken into 
account by the modified perturbation theory. The total field is written as 




Summary of Available Scattering Methods 



83 



c; (4.29) 

Here, denotes the incident (planar) field, is the field scattered by a (known) 
smooth plane in the absence of undulations and U,. is the contribution of the 
undulations; the latter is to be determined. 

Modified theories of perturbations take into account the effects of multiple scattering 
on the magnitude of the average reflected field {U). Field reflection from a random 
surface is the same as from a plane boundary but with an effective surface impedance 
that depends on the wavelength X, and on the radiation direction [Bruchovecky, 1985; 
Zhuk. 1990]. 

Within the framework of the theory of small perturbations [size of undulations 
(scatterers) < wavelength)] various models are used to account for the effects of 
undulations (multiple*scattering medium). One such model considers a rough surface 
composed of many undulations regarded as a distribution of dipole-type sources of 
varying strengths and orientations. The term in Eq, (4.29) is calculated under the 
following conditions [Ogiivy. 1991]: 

(a) The incident wave is planar 

(b) Isotropic scattering from the surface 

(c) The average size “a " of an undulation is small compared to wavelength 

(d) The average separation “d ' between two adjacent undulations is small compared 
to wavelength 

The results of the model [Ogilvy, 1991] show that the multiply scattered field tends to 
be equal to the field in the absence of multiple scattering when d » a , i.e., when the 
separation between undulations is much larger than the size of the undulations, or in 
the (obvious) case when a = 0 (no undulations). 

Another model \Ogilvy. 1991] for “embedded" undulalions-scallerers (with separation 
between scatterers much larger than the size of each scatterer), is based on the 
assumption that the field reflection from a random surface is the same as from a 
planar boundary, but with an effective surface impedance Z (k) that depends on wave 
length, direction of radiation and number of scatterers. The total field is written as the 
sum: 
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(4.30) 



The summalion in Eq, (4.30) describes the contribution from all scattcrcrs, with the 
location of the n-th scatterer andt/„ position r due to a scatterer 

at the position r„. 



\Twersky, 1957] has calculated the total field scattered from an array of identical 
undulating scatterers, with random positions along the x-direction, under the 
following assumptions: 

(a) the scatterers are "elementary" cylinders of length dx 

(b) the probability of a cylinder being within the interval + is independent 

from the other scatterers and is given by p(x)dx where p(*) = . p„ being 

the average number of scatterers per unit area on the surface 

(c) each undulation is excited only by the coherent field scattered from the other 
undulations (the diffused field is neglected) 

(d) scattering between undulations is in the far-field 

This model predicts scattered field amplitudes with multiple scattering effects given 
by the ratio [Beckmann and Spizzichino. 1987; Ogiivy. 1991] 



^msc 



1 

l + P«A. 



(4.31) 



where is the surface area of each undulating-scatterer. This ratio is a multiplicative 
factor of the scattered field in the absence of multiple scattering. By increasing 
and/or of the scatterers, the amplitude of the scattered field decreases. This model 
has been proven useful in predicting scatter for small grazing angles of incidence. In 
this geometry, the small perturbation theory predicts very small scattered fields. 

4.L2 Kir chhoff theory of scattering (short wavelength limit) 

For large surface roughness compared to the radio wavelength (cr^/A»l) and for 
near normal incidence (^,=0) the Rayleigh condition [cf, Eq, (4.1)], i.e., 
COS0, /A «1 , may not be satisfied and the small perturbation theory may not be 
applicable. With the Kirchhoff method, the scattered field is written in terms of the 
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tangential field on the rough surface and can be calculated even for large COsS, / A . 
The surface field is approximated by the field that would be present if the rough 
surface were replaced by a planar surface tangent to the point of interest (scatter 
point), i.e„ the surface at each point becomes a local tangent plane. This 
approximation is valid if the radius of curvature 7?^ at every point on the surface is 
much larger than the wavelength: 

»A (4.32) 

Tlie radius of curvature is a statistical quantity of the rough surface. For zero-mean 
Gaussian surface fluctuations, with a correlation function of Gaussian form, the radius 
of curvature is given by \ Ulaby. 1982] 




(4.33) 



where L is the correlation length of surface fluctuations and is the standard 
deviation of surface height fluctuations. 



From Eq. (4.32), with given in Eq. (4.33), the condition of a large Rayleigh 
parameter, cos0j / A» 1 , yields the following range of validity: 



A 

« (Ti, « — r 

cos 6, 3A 



(4.34) 



The latter, in turn, results in the relationship 



U A L 3 L , 

— » — »l 

3A COS0, A \cosd, A 



(4.35) 



We give a numerical example in order to compare the Kirchhoff method with the 
small perturbation theory. We consider two limiting cases of incidence: 



a) For near normal incidence (specifically, =1*). X =0.0 3m and correlation length 
L=lm, the Kirchhoff method is valid in the range [cf. Eq. (4,34)] 



0.03/tj « CT, « lOm 



(4.36) 
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Etj. (4.35) is satisfied because L/A = 30. On the other hand, for applying the small 
perturbation theory we have 

^cosO^ « I (T„ « 0.03 (4.37) 

A 

meaning that for this range of <7^ the condition / £,« I is valid, 

b) For incidence far from normal (specifically. and for the values of A and 

L used in case (a), the Kirchhoff method is applicable in the range 

2m « Cy « l0/« (4.38) 

whereas the small perturbation theory is valid for 

o, « 2m (4.39) 

The ranges of for the validity of the Kirchhoff method and the .small perturbation 
theory are shown in Fig. 4.7 for cases (a) and (b). 

From the example illustrated in Fig. 4.7, it is interesting to note that at an angle of 
incidence near the normal ^0^ =l’deg,j, the Kirchhoff method can correctly predict 
.scattering for a wide range of "small" and "large" roughness (cJ,, ) • At a low grazing 
angle ^0^ =89* deg.), Kirchhoff method can predict scattering for a limited range 
of large roughness (cr* ) . 

0-003 0.03 0.05 1 2 10 <TJm) 

> 

« > 

Kitchhoff <0 *ldcg ) 



< 

Small PerturtMilop (0 = 1 deg ) 



< > 

Kifchhoff((0 = $9dCg> 



Smalt Penurbahews ( 0 * 89 deg ) 



Fig 4.7 IJmiis uf surface roughness ) for applying Kirchhoff method and 
Small Perturbation Theory, X = 0.03/>r, L“)m 
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The Kirchhoff theory is based on the approximation of a scattering surface with a 
tangent plane at each (scauerer) point of the surface. The conditions for its validity are 
A«L and where L is the correlation length, is the standard deviation 

of surface fluctuations and X is the wavelength. This tangent plane approximation is 
used to calculate the field scattered from the surface. The interaction between the 
radiation and a local surface can be described by the Fresnel formulas for the 
reflection coefficients [Stratton, 1941]. The total field scattered from the rough 
surface is determined as a result of summing the reflected fields from all elements of 
the surface. In the tangent plane approximation, the integration is made over projected 
area elements of the rough surface on the mean plane (see geometry in Fig. 4.8). 



no dSo 




Fig. 4 8 Prujeciion of un area etemem of the rough surface un the mean plane 
(Reproduced permii^ionoflOP Publishing Ltd, J.A. OgiKy. 

*’Thft^iy of Wave Scaucricig froin Raihk>m Rough Surfaces”. Fig. 4,2, Ch. 4, 1991) 



The computation of the scattered field can be made, for example, with the use of the 
Helmholtz integral theorem [Beckmann and Spizzichino. 1987; Ogilvy. 1991], The 
scattered field is calculated in the far field of the surface under the assumption that 
multiple scattering and local diffraction, or shadowing effects, are negligible. The 
scattering coefficient is computed by [Beckmann and Spizzichino. 1987] as the ratio 



Pst 



V. in 



(4.40) 



where (r)isthewave scattered field at a distance ? front the scatterer and 

the field reflected in the direction of specular reflection (0^ s f?, , in Fig. 4.1), 
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The scattering coefficient is computed in the case of a monochromatic plane wave 
incident upon a (rough) scattering surface [Beckrmm and Spizzichino. 1987]: 

Here 

/,j . = sizes (length) of the scatterer in x and y dimensions, respectively 

= angle of incidence with respect to the normal 
tan (d, , tan^y = slopes of tangent to the surface at point of incidence in the 
planes(x, 2 ) and (x, y), respectively 

The vector v in Eq. (4.41) is the difference between the incident wave vector and 
scattered wave vector, , given by [Beckmann and Spizzichino. 1987] 

V »ft[(sind, -8in^2cos0j)^-{sin^2sin0j)>-(cos0i tcos^,)?] (4.42) 

where the angles 0^^ ^ defined in Fig. (4,1) referred to the "mean" rough 

surface and 5,y, ! are the orthogonal unit vectors of the Cartesian reference system in 
(Fig. 4.1). 

The position vector r appearing in Eq. (4.41) is given by 

f = xx-^yy-^i{x,y)z (4.43) 

The parameters a. b and c are functions of the reflection coefficient and the 
geometry of scattering [see Fig. 4.1], given by; 



(4.44> 



(4.45) 



a = (1- p)sin6, +(l+ p)sin 02 cos 0 j 
f> = (i+ p)cosflj -{t- p)cos0, 

(1+ p)siT\6iSin9j 



(4.46) 
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Here, ihe (Fresnel) reflection coefficient is function of the “local” angle of incidence 
on the rough surface and it depends, therefore, on the slope of the surface at the point 
of incidence [Beckman and Spizzichino, 1987]. The Fresnel coefficient is computed as 
a function of the polarization state of the wave [Stratton, 1941]. 



It can be noticed that, if the quantity within the parenthesis in the integral of Eq. 
(4.41) does not vary in the region of scatter and under the assumption that 

i^»A’(e.g. for X-band frequencies (A = 0.033m) the scattering area A should be 
much larger than the scattering coefficient can be approximated by 



Per - 









tlx th 

J-4 J-/. 



.A r 



dxdy 



(4.47) 



where (p, i^' a polarization-dependent term function of the 
reflection coefficient p , the surface gradients and the angles [see Eqs 

(4.44), (4,45) and (4,46)]. It is seen [Beckmann and Spizzichtno. 1987; Ogilvy, 1991] 
that a wave scattered in the plane of incidence (x, z> is not depiilarized if the incident 
wave is polarized either vertically or horizontally. In this case (0, * 0 ), the parameter 
c in Eq. (4.46) is zero. The slope of the rough surface in the azimuth plane (x, y) [cf, 
Eq. (4.41)] is in this case irrelevant (cannot affect the scattered wave). We therefore 
do not expect depolarization, e.g., transfer of scattered energy from the plane (x. z) to 
the plane (x, y). 

From the integral of Eq. (4.47). it can be noticed that the scattered field can have a 
“degree" of coherence (given by the pattern sinX/X) as a result of scattering from a 
two-dimensional “array” of scatterers on the surface area , This result shows that 
this theory can be useful for the computation of scattering from rough surfaces by 
modelling the surface as an aggregate of facets (see Chapter 3), which radiate 
electromagnetic energy. Each facet represents an array of scatterers that contributes to 
the radiation-scattering pattern (of type sinX/X), A mathematical model for sea waves 
based on an aggregate of facets with pattern given by Eq, (4,41) (in one dimension) is 
given in [Pusone, 2000]. In this model, the (Fresnel) reflection coefficient is 
computed for finite conductivity of the surface, as a function of the sea-wave slope at 
the point of incidence for each facet. The slope of each facet is characterized as a 
function of the speed of the sea particles driven by wind force. The size of each facet 
is determined by the correlation distance of the speed fluctuations of the sea particles. 
The model predicts backscatter from rough sea surfaces, at low grazing angles. The 
total backscattered intensity is computed in the model by the modulus square of the 
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sum of ihe scaiiering coefficicms of the facets for a sea wave of a given height (sea- 
slate), The results of this model compare well with measurements of backscatter from 
the sea surface at horizontal and vertical polarizations at grazing angles smaller than 5 
degrees [Levanon, 1988; Nathanson, 1987] and for wind speeds of 5m/s and lOm/s. 

The sea waves model of [Pusone. 2000] has recenlly been extended to compute sea 
backscatler Doppler spectrum [Pus one. 2001], In this model Ihe Doppler specirum is 
evaluated as a function of sea stale (windspeed) and sea properties (viscosity) at X- 
band frequencies at low grazing angels. By this model we can retrieve information on 
sea state and sea properties from the knowledge of the Doppler spectrum of sea 
backscatter. 

In [Beckmann and Spizzichino. 1987; Ogiivy. 1991], the scattering intensity for 
coherent and diffused (incoherent) scattering is computed for a known geometry (e.g., 
periodic) of the surface and for random scattering rough surfaces. We give here a 
general overview of the results obtained for random surfaces. The average scattered 
intensity is calculated from the scattering coefficient for any pair of orthogonal 
polarization states (p, q) of the transmitter and receiver. For coherent scatter we have 

and for diffused (incoherent) scatter we obtain 

The exact scattering coefficient is found from Eq. (4,41) and its approximate 
value from Eq. (4,47). In the latter case, the average scattering coefficient (Ptr) is 
given by 



L,Ly •'-4 ^-^7 ' f 

where are the components of the vector defined in Eq. (4.42). The quantity 

is the characteristic function (Fourier transform) of the probability 
density function of the surface height | . 
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For the case of a normally disiributed random surface, with zero mean and standard 
deviation (j^,the characteristic function of the distribution is given explicitly by 




(4.51) 



The average scattered coherent intensity is calculated from Eqs (4.48), (4,50) and 
(4,51) given by; 






sinv,L, 


sinv/,/ 




v,I, 



n2 



.2 .2 



(4.52) 



The coherent intensity is polarization dependent through the factor ^ J . which is 
a function of the reflectivity properties (reflection coefficient) and the angles d,M,,Oy 
(see Fig. 4.1). 

For the computation of the diffused component (average complex conjugate cross- 
product of the scattering coefficient in Eq. (4.49)) we must know the joint 

distribution of two surface height random variables. The average diffused intensity is 
calculated under the assumption of very rough surfaces »1) for the case of a 
two-dimensional Gaussian distribution of two surface heights random variables ^,,^2 
correlated by a Gaussian correlation function for isotropic scatter [Eq. (4.12)]. For any 
polarization pair (p, q), the result of the calculation is given by [Beckmann and 
Spizzichtno. 1987; Ogtlvy, 1991]: 



(/ \ f 



where [Ogilvy, 199 IJ 
^2 






2.-<7*-|C‘(( 









(cos^l +COS ^2 y 



(4,53) 



(4,54a) 
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[C*[0)| = — r (L; correlation distance of surface height fluctuations) 

CtJ : Variance of the surface height fluctuations |Exjs (4.1), (4.51)] and 

Vj »= A [sin(?, - sin ft cos ft ] 
i', = -it [sin ft sin ft] 

V. * -it [cos ft + cos ft] 



(4.54b) 



(4.55) 

(4.56) 

(4.57) 



It is interesting to note that under the assumption of stationary phase of the scattered 
wave \Vlaby, 1982; 1990]. the exponential term in Eq. (4.53) can be expressed as a 
function of the surface gradients. This assumption is correct if the phase in Eq, (4.41). 
defined by A r [cf. Eqs (4.42) and (4.43)], is slowly varying. It means that only the 
energy scattered around the points of maximum and minimum phase is taken into 
account in the integral of Eq. (4.41). From the condition of maxima or minima (phase 
derivative = 0), we obtain from Eqs (4.42) and (4.43) the expressions: 



dx 



-21 = grad A, 



3y 



V 

— = grad h. 



(4.58) 

(4.59) 



Through this approximation, the rough surface is replaced locally at each point by a 
tangent plane with gradients given by Eqs (4.58) and (4,59). 

From Eqs (4,53), (4.55). (4.58) and (4,59) we obtain 

[grad ^2 

(4.60) 

I ; 






U 



F‘<f\ 



We note that if we define the “statistical" gradient of the rough surface [see Eq. 
(4.27)] by the ratio 
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(4.61) 

we obtain from Eqs (4,60) and (4.61) the following expression for diffused iniensity 

[grad A, )^+Ifrarf hyf 

(4.62) 

This quantity increases with an increase of Ihe “siaiisticar gradient of the rough 
surface. This means that the diffused component increases with an increase of the 
“statistical" fluctuations <7;, of surface height, or with a decrease of the correlation 
distance L of these fluctuations [cf. Eq. (4.61)], 

The total scattered intensity may be written as the sum of the coherent component 
given in Eq. (4.52) and the incoherent component given in Eq. (4.53). 

We examine, next, the case of backscatter for the coherent and diffused scattered. 

The coherent component of the backscattered intensity (per unit solid angle) for small 
surface roughness, within the framework of the tangent plane approximation, i,e., 
under the assumption that <r^/A>land I./A>l,is derived from Eq. (4.52) as a 
function of the Rayleigh parameter . the reflection coefficient and the incident 
angle. For coherent backscatter in the azimuthal plane (x, z) (0, = 0) we have 





= <> 



sin (2kLj sin0j ) 
2kL^ sin6| 



n2 






(4.63) 



where is the Rayleigh parameter defined in Eq. (4.1). It is clear that the coherent 
component of the backscattered intensity 

- decreases with increasing roughness in the Rayleigh parameter 

- takes its maximum value for 0 j=;O (normal incidence) and decreases with 0, 
approaching low grazing angles above the scattering surface 

- depends on polarization through the Fresnel reflection coefficient p 



The polarization dependency is determined by the reflection coefficient p . At very 
low grazing angles ^ / 2) , the reflection coefficient is the same for vertical and 
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horizontal polarizations. For angles between 50 and 85 degrees the reflection 
coefficient is higher for horizontal polarization [Stratton, 1941]. 



The expression for the diffused (incoherent) backscaiter intensity, derived from Eqs 
( 4 . 53 ) -(4.57) assumes the form 






P.4l 



-f- 


2 -i| 


'jT 












(4.64) 



cos'* 

The polarization-dependent term is zero for and is equal to the Fresnel 

reflection coefficient for a “p-polarized” or “q-polarized” field [Ulaby, 1982]. Eq. 
(4.64) can be rewritten as a function of the Rayleigh parameter : 






2 , 









cos*^ 0 ^ 



(4.65) 



It is seen from this expression that the diffused intensity equals zero for the two 
limiting cases and -♦«>. The diffused intensity must therefore have a 

maximum between the two limiting values of . 

The diffused intensity obtained under the assumption that the surface roughness is 
much larger than the radio wavelength A (very rough surface), is given in Eq. (4.64) 
as a function of polarization, incident angle and the ratio L/c^ . h is noticed from Eq. 
(4.64), that the diffused backscatter intensity 

- E>ecreases with an increase in the incidence angle B, (away from normal). 

- Decreases with an increase of the ratio L/O,,, meaning that for a large correlation 
length or small surface height fluctuations, we have reduced the scattering 
(diffused energy) effects. Since the ratio (JOf, is proportional to the inverse of the 
rms slope of the rough surface, we can also say that diffused scattering decreases 
with a decrease of the slope of the surface. In the limit of zero slope, we have no 
rough surface and therefore no backs cattering (diffused energy). 

- Depends on the polarization configuration through the term (p, q orthogonal 
polarization states) function of the reflectivity properties of the surface. 
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In Eq. (4,65) ihe diffused inlensily is expressed as a function of ihe Rayleigh 
parameter . Il is seen that for a given incident angle 0^ and correlation distance L, 

the diffused back scattered intensity increases with an increase of ■ 



The diffused scattered intensity depends on the statistical quantities (t^ (surface 
roughness) and L (correlation length). In the tangent plane approximation, and L 
are both much larger than the radio wavelength A . For example, scattering from large 
sea waves (gravitational waves) at microwaves frequencies can satisfy the conditions 
and L/A » I . 

Various phenomenological models relate the size of gravitational waves to meteo- 
rological parameters. For example, the standard deviation of sea height is related 
to wind speed “w” by the semi-empirical expressions [Richter. 1990; Hitney, 1994]: 

= 0.0051 • w’ (Phil)jps spectrum) (4.66) 

Of, = 0.00176' (Neumann- Pierson spectrum) (4.67) 

The correlation length of sea fluctuations can be characterized by the mixing-length 
theory of Obukov [Mewey, 1968; Landau, 1979; Mosetti. 1979], The mixing length is 
the region where the fluid particles interact by exchange of energy at the interface 
between sea and troposphere. As in this mixing region we expect high correlation, the 
mixing length is taken proportional to the correlation length of the sea fluctuations. 
Values of this mixing length are in the range of the wavelength at microwave 
frequencies. 

The total backscattered intensity may be written as the sum of the coherent component 
given in Eq. (4.63) and the incoherent component given in Eqs (4.64) and (4.65). By 
inspection of these components, we note the following two limiting cases: 

(a) When is very small compared to wavelength (small Rayleigh parameter), or 
L is very large, the diffused component tends to zero and gives no contribution 
to the total intensity. The total intensity is given by the coherent component only. 

(b) When the roughness is very large compared to wavelength (large Rayleigh 
parameter), both components (coherent and diffused) tend to zero. The total 
scattered intensity becomes very small. The correlation length L affects the 
diffused component only. Large values of conelation length reduce the intensity 
of the diffused scatter. 
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These considerations are illustrated in Fig, 4.9, where curves of the coherent, diffused 
and total {coherent + diffused) intensities are shown, as a functions of the Rayleigh 
roughness parameter . 







Where 



\[m(diffused) . lim 
^.-*0 
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(cf Hqs 4 64 and 4.65] 



L: surface height correlation length; <r ^ : surface height variance 
lim (coherent) ^ ( p . reflection coefficient) [cf. Eq 4.63] 



lim (coherent) ^0 [cf. Eq.4.63] 

From the intensity of the scattered field we can derive the scattering cross section of a 
radar object and the scattering matrix elements. 
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From the (polarization) changes of the scattering elements we can retrieve information 
on the objects and on the propagation media. The variation of the scattering elements 
is, in general, random and time dependent. This requires a stochastic analysis of the 
scattering matrix [Fung, 1994], 

We can compute the expected values of the scattering cross section (modulus square 
of the scattering matrix elements) and the correlation products of the scattering matrix 
elements using the equation 1982; 1990]: 




where k is the wavenumber and 



( 4 , 68 ) 



Correlation product of the scattered intensity calculated for the four 

(orthogonal) polarization combinations e.g., vv. vh. hv and hh. The 
scattered intensity / is given, for example, by the Eq. (4.52) for coherent 
scatter and by Eq, (4.53) for the diffused scattered component. 



5^ ; Correlation products of the scattering matrix elements for four 

orthogonal polarization combinations per scattering matrix. The 
scattering cross sections are computed for the polarization configuration 



p=m; q=n. 



• Multiple scattering: depolarization 

A measure of the effects on polarization is given by the polarization matrix 
defined in Eq. (4,64), We have seen in the backscatter case that the co-polar term of 
the scattered intensity is proportional to the Fresnel reflection coefficient for 

the p -polarization, and the cross-polar term ft>r equal to zero. 

Absence of depolarization can be explained by the fact that multiple scattering has 
been neglected. 



The Kirchhoff theory has been used in a multiple scattering formalism (higher order 
Kirchhoff theory) [Fung, 1981] to predict depolarization from surfaces of finite 
conductivity. Multiple scattering is considered to occur only between specular points 
(scatterers). The multiple-scattered field is calculated under the assumption that the 
surface acts as a distributed source of rays with amplitudes given by the Kirchhoff 
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theory. Il is assumed that ail scattered components interact with the surface again, but 
with a shadowing correction applied to the back-scattered wave and to the forward- 
scattered wave. An iterative series results for each Fourier component of the scattered 
field, with successive iterations conesponding to increasing orders of multiple 
scattering [Ogt/vy, 1991]. In Fig, 4.10, the predicted scattered field intensity is shown 
for incident and scattered waves of both polarizations. In all cases, multiple scattering 
enhances the intensity for all scattered directions, the effect becoming more noticeable 
as the angle of scattering increases away from the normal for a fixed angle of 
incidence. 

The depolarization term, which is zero in the single scattering Kirchhoff theory, 
becomes nonzero within the setting of the multiple scattering Kirchhoff theory. This 
theory is valid in the limit of very high frequencies for which the wavelength is much 
smaller than any change of surface properties. 





^3 (degrees) ^ (degrees) 



Fig. 4.10 Predicted scaiiered intensities based or second- iirder sc ring theory (fall curves) 
compered to single scattering che<ir> (broken- 1 ine< curves) 

(Reproduced with permission of lOP Publishing Ltd, J.A. Ogiivy. 

*1 heojy of Wave Scattering from Random Rough Surfaces", big. 5.9. C‘h. 5, 1990 



Consideration of partial surface shadowing and mulliple scattering are serious 
problems in the Kirchhoff method, especially at grazing incidence. The shadowing 
corrections used in multiple scattering account for regions of the surface that may be 
screened by other parls (higher undulations) of the surface. Not all "potential 
scatterers” are illuminated by the incident wave. The shadowing correction is in 
general a function of the incident angle 0 ^ . the scattering angle and the ms slope 
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gradienis (w) of the rough surface. If the shadowing function is indicated by 
5(0,,02,wi), it satisfies the condition 0<5< 1 and it multiplies the scattered field 
intensity computed without shadowing. Various functions are used 

[Beckmann, 1965]. They decrease with an increase of the rms slope w, and the angle 
of incidence (and scattering) away from normal. Examples of shadowing functions are 
given in Fig, 4.11, where the gradient w^is indicated with the ratio ffl 




01 (degrees) 

I* ig. 4, 1 1 Comparisu n ot three ado w i ng fu net i ons : t) cck itun n t fu) I e ur^'c ) ; 
Wagner <brak€n*Unes curve); Smith (dotted curve) 

(Repr<xluced with permission of tOP Publishing l.id, J.A. Ogilvy. 

“Theory of Wave sea tiering from Random Rough Surfaces*', Rg. 7.6, Ch 7. J99I > 



Results of a numerical simulation [Bass and Fuks, 1979; Ogilvy, 1991] indicate that 
shadowing becomes “effective” at large angles (incident and scattering) away from 
the normal. The effects of shadowing on the number of scatterers (specular points) on 
a random surface has been also studied by [Mikhaylovskiy and Fuks, 1993], The result 
of the theoretical studies indicate that the number of “effective” or “brighf* scatterers 
depends on the surface roughness. The number of "bright” scatterers for a given 
geometry (antenna height) and propagation path decreases for larger standard 
deviation of the surface height fluctuations. 
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The number of “unshadowed” scailerers (specular poinis) is equal to ihe number of 
“correlaiion distances" enclosed in ihe surface area illuminated by ihe antenna beam. 
By increasing the antenna height, the number of "unshadowed" points increases, and 
Ihe distribution of ihese points approaches the Poisson law at long ranges. 

We give a numerical example. If the number of potential "unshadowed" scaitcrers is 
and S is the shadowing function. Ihe number of effective “brighl” scatierers per 

square mcler can be estimated by the product Nq If take for example 

equal to the number of wavelengths in one meter (30 at X-band frequencies), and 
a shadowing value of S = 0.2 (corresponding in Fig. 4.11 to an incident angle of 85® 
for an rms gradient equal to 1) we obtain jV, -36 effective scaitercrs per square 
meter (the unshadowed points are = 900 per square meter). 

Depolarization in the backscatiered direction has also been modelled with a composite 
roughness model in order to explain observations of scattering from the sea surface 
[Fuks, 1966; 1969), The surface is modelled in terms of two independent roughness 
components: a small scale, high-frequency roughness superimposed on a large scale, 
low-frequency roughness. The effect of the large amplitude roughness is modelled as 
‘tilt' to Ihe small amplitude scale of roughness. This results into a tilt of the scattering 
angle that changes the polarization of the scattered wave with respect to the incident 
wave. A mathematical model of this two-scale roughness has been provided by 
[Brown, 1980]. He considers Ihe surface height function as the sum of two random 
variables, viz. [Ogilvy, 1991]; 



ft (x, y ) = ft, (x. y ) + ft, ( X, ) (4.69) 

where is the random variable associated with Ihe small-scale component, and is 
the random variable corresponding to Ihe large-scale component. Assuming these two 
random components to be Gaussian and independent, he uses a model which 
combines the Kirchhoff and the small perturbations theories. The Kirchhoff method 
applies to the large-scale roughness, and the (first-order) perturbation theory accounts 
for the small-scale roughness. This model can be applied, for example, to scattering 
from a rough sea surface composed of large-scale roughness (gravitational waves) and 
small-scale roughness (capillary waves). 

In Fig, 4.12, predictions arc shown of scattering from the two-scale rough surface, 
with use of the ‘combined' (Kirchhoff + small perturbations) model. The results of the 
model indicate that scattering from small scale fluctuations is predicted by small 
perturbations (first-order) at large angles (away from normal), and scattering from 
large scale fluctuations by the Kirchhoff at small angles (near to normal). 
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The effect of backscallcr from sleep sea- waves on polarization are pre<iicte<l by a 
model based on two- scale (large- small) roughness developed by [Voronovich and 
Zavorotny, 2COO]. Results of predictions indicate large differences between 
backscatler levels for VV (transmit and receive vertical polarization) and for HH 
(transmit and receive horizontal polarization), resulting in VV levels higher than HH, 



Scattered 

intensity 

m 




01 (degrees) 



Fig 4 12 Scattered intensity for a composite rough surface 
(Reproduced with permission of ^ 1^78 (Brown> and lOP Publishing Ltd, I.A Ogilvy. 
'Theory of Wave Scattering from Random Rough Surfaces'*. Fig. 7.3, Ch, 7. 1991) 



4.]. 3 Other types of scattering modelling 

Another interesling method for the calculation of scattering from composite rough 
surfaces has been developed by [Voronovich. 1983; 1985]. By this method, the 
intensity of the scattered wave is calculated based on an expansion of the logarithm of 
the scattering matrix as a function of a power-series of the surface heights. For small 
heights, this method gives results equivalent lo those obtained with Ihe approximation 
by the first terms of the series in the perturbation theory. In the cases of large-scale 
and low-slope irregularities. Ihe method reduces to the Kirchhoff approximation. This 
method is applicable for various lypes of surface irregularilies. The scattering 
coeffjcienls computed by this method for the case of sinusoidal surfaces are shown to 
compare well with experimental dala [Voronovich. 1985]. The scattering coefficient 
of statistically irregular surfaces is also calculated by Ihis method. The scattering 
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coefficient is given by a formula which includes both cases of small and large scale of 
roughness, with no need to have a parameter separating these scales. 

A mathematical model of scattering from multi-path propagation over (composite) 
rough surfaces has been developed by [Pusone, 1999]. The model is based on a 
phenomenological characterization of the surface roughness as composed of several 
delayed paths. The model computes the coefficients of the scattering matrix for the 
case of rough sea surfaces, various sea states (wind velocity) conditions, at low 
grazing angles. The multi -path delay spread is computed from the scattering 
coefficient computed for the two cases of large scale roughness (gravitational waves 
for large wind velocities) and small scale roughness (capillary waves for small wind 
velocities), at low grazing angles (less than 5 degrees) for two polarizations, vertical 
and horizontal. 

For the computation of the scattering coefficient, the Kirchhoff method for the case of 
gravitational waves is used. The small perturbation theory is used for capillary waves. 
Results of the model indicate that the multi-path propagation causes distortion in the 
radar pulse shape. The distortion is found more pronounced for wide-band radar 
signals, in the case of scattering from gravitational waves at horizontal polarization. 

The multi-path model of [Pusone. 1999] has recently been extended to evalute the 
effects of multi-path by scattering in the polarization of the scattered wave. The 
“extended" model [Pusone, 2(X)1] evaluates the changes of polarization characteristics 
(e.g. ellipticity) of the scattered wave as a function of sea roughness (sea state). The 
theoretical results of the model indicate that by increase of wind speed the ellipticity 
of the polarized wave is decreased. 

Considerations of surface partial shadowing and multiple scattering constitute serious 
problems in scattering modelling, especially at low grazing angles [Voronovich, 
1996]. An attempt to solve the problem of scattering in a general form was undertaken 
[Walsh, 1987]. The merit of the approach consists in its relative simplicity, the natural 
derivation of proper boundary conditions and the absence of restrictions on surface 
roughness characteristics, such as their heights and lilt angle. The problem is reduced 
to a joint solution of a system of integral equations for a field located directly above 
and below the surface. 

The solutions enable the calculation of a field reflected by the boundary and a field 
passing into the other medium. The ensuing integral equations have the same nature 
(but a different form) as the equations derived from the application of Green's 
theorem. The mathematical complication of these equations is connected with the 
problem of the calculation of the field actually incident on the surface. Each surface 
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clement is illuminated not only by the incident wave but also by fields reflected by 
adjacent elements (i.e. repeatedly scattered waves). Therefore, the problem is identical 
to the multiple scattering in a volume. If a real field is found (a field affecting each 
separate scatterer), then the calculation of the total field becomes trivial. 

[Walsh. 1987] has proposed simplifications assuming that the spatial Fourier 
transform of the field and the surface profile is restricted to spatial frequencies for 
which k «2 k f A , where k is the wavenumber and A is the (mean) spatial frequency 
of the surface fluctuations (perturbations). Actually, this approximation means that 
only smooth disturbances are analyzed and that the incident angle is close to zero. 
This approximation is close to the Rayleigh hypothesis according to which each 
surface element only interacts with the incident wave. 

In our opinion, the correct description of surface scattering with repeated interaction 
between the waves and a medium can be carried out by considering this scattering as 
volume scattering in an electrodynamic dense medium. 



4.2 Transport theory: radiative transfer equation 

Radiative transfer theory deals with the transport of energy through a medium 
containing particles. The equation of transfer governs the variation of intensities in a 
medium that absorbs, emits and scatters radiation [Barabanenkov, 1975; 
Chandrasekhar. I960]. 

The vector- valued radiative transfer equation is given by [Ulaby, 1990; Tsang, 20(X)] 

= (4,70) 

using the Stokes vector representation, in which / is a (4x1) matrix representing the 
vector specific intensity, is (4x4) extinction matrix, is a power absorption 
coefficient. is the (thermal) emission vector and is the (4x4) phase 

function matrix accounting for scattering. The latter gives the ratio between the 
intensity scattered at direction s and incident at direction j'. Equation (4.70) governs 
the change in the specific intensity / through an elementary volume of unit cross 
section along a differential distance (cii). accounting for absorption loss and 
scattering loss. 
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To solve the radiative transfer equation, we need to know the phase and extinction 
matrices. The phase matrix is proportional to the scattering matrix. It is defined by 

P = (4.71) 



Where is the number of particles per unit volume and is the average of the 
modified Mueller matrix. The latter is given by [Ulaby, 1990J 
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where are the scattering elements defined in the Chapter 2. 

The total extinction matrix becomes [Vlaby, 1990] 

-2Re{Mvv) 0 -Rc(M^) 

0 -2Re(M«„) -Re(M„,) 

-2Re(W^) -2Re(Af.,„) -Re{Wvv+W««) 

2Im(A#„J -2Im(M,„) -Re(iW„+M„„) 

where 

(S„, (0, , 0, , 0, , , 0, , 0,)) ; p.q=V^ (4.74) 

With the definition of the phase and the extinction matrices we can solve the radiative 
transfer equation fora specific particle distribution and given boundary conditions. 

The modified scattering (Mueller) matrix [sec Eq. (4,72)] is computed using the 
elements of the scattering matrix obtained for the case of scattering from given 
particle shapes (e.g.. small spheres, cylinders, etc.), depending on ihe types of 
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remotely sensed objects. The elements of must be averaged in accordance with the 
specified particle sizes, shapes, or space distributions in order to obtain the phase 
matrix given in Eq. (4.71). With the matrices P and known, the radiative transfer 
Eq. (4.70) may be solved, in general, using numerical methods. 

• A speciHc example 

To solve the radiative transfer equation (4.70) we need to specify appropriate 
boundary conditions. From the definitions of power reflectivity and transmissivity, we 
can obtain the relations between incident-reflected and incident-transmitted Stokes 
vectors. Using the definitions of the Fresnel reflection and transmission coefficients, 
Snell’s law of refraction, and the conservation of electromagnetic energy (incident 
energy = reflected + transmitted energy), we obtain the relation between the incident 
1‘ upon a planar boundary from medium 1 to medium 2 and the reflected !' Stokes 
vector [Ulaby, 1990]: 

r-RMr ( 4 . 75 ) 

Here Ryi{0i) is the reflectivity matrix defined as a function of the Fresnel reflection 
coefficient for vertical polarization and for horizontal polarization [Ulaby. 1990]. 

The relation between the incident I' and the transmitted l‘ Stokes vector is given by 

r = T„ {9, )1‘ ( 4 , 76 ) 

Where 7], (0, ) is the transmissivity matrix defined as a function of the Fresnel 
transmission coefficient for vertical polarization and for horizontal polarization 
[Ulaby. 1990]. 

The boundary conditions associated with a rough surface are determined in [Fung and 
Earn. 1981) for scattering from a layer of Rayleigh particles (a«X. with a is the 
size of particles and A the wavelength) over a rough surface using the Kirchhoff 
approximation. 

The equation of radiative transfer [cf. Eq. (4.70)]. with the definition of the phase 
matrix (cf. Eq. (4.71)] and the extinction matrix given in Eq. (4,73), together with the 
boundary conditions (cf. Eqs, (4.75). (4.76)), constitutes a complete mathematical 
formulation of the problem of multiple scattering in a random medium. 

Various methods are used to solve the radiative transfer equation. The most frequently 
used are an iterative technique when the multiple scattering is small, or a discrete 
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eigenanalysis technique when the multiple scattering is more significant. The iterative 
procedure starts by computing the zero -order solution which ignores scattering. The 
zero-order solution is used as a source function for computing the first-order solution. 
This procedure has been applied to solve the problem for the 3-layer model [Ulaby, 
1990], This model considers a specific intensity incident onto the upper layer (1) of 
scatterers. It is assumed that the background permittivity of the mid-layer (2) is the 
same of upper layer. The bottom boundary of layer (3) is flat and its permittivity is 
different from that of the mid-layer. No reflection occurs at the top interface. The 
incident intensity will be reflected at the flat interface between the mid and bottom 
layers. 

Applying the iterative procedure to the transfer equation with the described boundary 
conditions, the solutions are expanded into series of perturbation orders as follows 
\Ulaby. 1990]: 

/(cos0.,<>,,z) = ;'“*(eose,.®.,z) + ;‘'’(cO50,,0„2)+i‘^’(cos0,,^,,2) + (4,77) 

Here are the scattering angles and 2 the depth. The zero -order solution 

represents the reduced intensity which attenuates exponentially in the medium and is 
proportional to [Ulaby. 1990]: 

lo ( 4 . 78 ) 

Where is the (zero-order solution) scattered (upward) intensity, /j, is the incident 
intensity, is the reflectivity at mid-bottom boundary layer. is the scattering 
angle, z is the depth variable, d is the thickness of the interface layer and is the 
total extinction coefficient of a particle (scatterer). 

The first-order solution represents the single scattering solution. It is composed of 
a term proportional to the reduced intensity (zero-order solution) plus a second term 
that is a function of the phase scattering matrix P [Ulaby. 1990]. It should be noted 
that the first-order solution does not give depolarization in the back-scattering 
direction for spherical scatterers. 

4.2.1 Polarization synthesis 

The solution of the radiative equation can be used to calculate the scattering 
coefficient of the medium, defined by the ratio: 
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(4.79) 



Where is the scailered field (/7 -polarized) and the incident field {q- 
polarized). £* is related to the scattered intensity by 




*/J-cos6^, 



with scattenng angle 



And Elj is related to the incident intensity by 




The scattering coefficient is given [from Eq, (4.79), (4.80), (4.81)], by: 



(4.80) 



(4.81) 
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where is the solution of the radiative equation. 
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Basic Mathematical Modelling for Random Environments 



5.1 Introduction 

Basic malhemalical modelling for random media is provided in this chapter. This 
background information is needed for the calculation of the fields scattered by 
vegetation-covered ground surfaces, with specific applications to radar remote 
sensing. 

In remote sensing, the incident field is transformed when it interacts with the earth’s 
surface covered with vegetation. Amplitude and phase relationships of the echo signal 
carry all the information needed for the solution of inverse problems in pattern 
recognition of forest, bush, crops, desert, etc., as well as for the evaluation of the 
vegetation parameters (biomass density, humidity, vegetation cover thickness). 
However, the extraction of information by solving inverse problems is problematic 
due to the following facts: 

1. In most cases, there is no clear understanding of the "coding" of information during 
the echo signal formation in the scattering volume. The complexity is caused by 
the presence of geophysical objects and by processes of interaction between 
radiation and such objects. 

2. A significant loss of information occurs in antenna systems during reception and 
antenna processing. This loss can be reduced by combining frequency and 
polarization measurements and/or using a coherent adaptive phased-array radar or 
a synthetic aperture radar. 

Theoretical research [Rino, 1988; Klyatskin, 1975; Novikov. 1964; Furutsu, 1963; 
Ryiov, 1978, Landau. 1982, Li, 1992] and experimenlai research [Schiffer, 1979,* 
Karam. 1988] is devoted to the investigation of the reflected fields as a basis for the 
solution of the inverse problem. The experimental research [Karam. 1988] deals in 
particular with propagation (scattering) through (by) vegetation. 

The main stages in solving the inverse problem are formulated below: 

- Physical processes have to be specified on the basis of mtxlcl analysis. Distinct 
features of the echo signal and unambiguous parameters of vegetation models play 
an important role. 



Ill 
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- Adequate mathemaiicai methods for the description of the interaction between 
radiation and vegetation must be chosen from the available methods, or have to be 
modified or newly developed. Then, the relationships between the observed 
parameters of echo signals and the corresponding parameters of vegetation can be 
calculated. 

- Solution schemes for the inverse problem have to be validated by testing and 
verifying the physical models. 

It is pointed out that our approach based on physical models should not be confused 
with the work in [Schiffer. 1979] and [Karam, 1988], which is classified as 
phenomenological. 

The difficulty of formulating strict algorithms is the main disadvantage of the 
phenomenological approach, which is grounded on intuition and ease-of-success, 
instead of on a strict analysis of the physical situation. However, a theoretical analysis 
of the interaction of radiation with a complex vegetation model is so laborious that in 
the general case far-reaching approximations need to be made. The oversimplification 
introduced by these approximations in forming the final result may become so great 
that discrimination of a specific vegetation cover by the echo signal may prove 
infeasible or erroneous. 

Here, we attempt a different approach; specifically, grass covers are modelled as a 
series of cylinders. This means that we do not solve the problem of pattern recognition 
but the more straightforward problem of evaluation of parameters. 

The first step in this approach uses the knowledge that cylinders modelling grass 
covers have prevailing directions in space. This implies that their ensemble, in 
accordance with their geometrical anisotropy, must be characterized by an anisotropic 
effective dielectric constant. The model of such vegetation may be a (horizontally) 
parallel layered structure of an anisotropic medium situated above the soil surface. 
However, in this case we encounter several problems characterized by two 
fundamental questions; 

a) Which physical radiation process involved in media interactions should be chosen 
as dominant when forming distinctions in the echo signal? 

b) How can we quantify the tensor components of the effective dielectric constant of 
the modelled medium connected with the parameters of vegetation (geometry of 
cylinders and dielectric constant of biomass)? 




Basic Mathematical Modelling for Random Environments 



113 



We discuss firsi question (a). The inieraciion effects can be classified into cohereni 
and incoherent. Wiih an ensemble of A' randomly positioned scatterers, the intensity 
of coherently scattered fields in the Bom approximation is proportional to , 
whereas the intensity of incoherent scattering is proportional to N . Taking into 
account that N is usually large, we notice that the difference in intensities of coherent 
and incoherent processes is significant. It is, therefore, natural to consider in the first 
place the effects connected with coherent scattering. In the ensemble of non-specialiy 
prepared scatterers, the coherent processes are associated with forward scattering 
only. The effect of these processes is manifested in the first place in the phase velocity 
of the waves in the medium. If the medium is anisotropic (as in our case), then the 
phase velocity becomes dependent on the direction of propagation (in our case on the 
angle of viewing) and the polarization of the field. For waves with different 
polarizations, the optical thickness of a layer will be different and an additional phase 
shift will appear between waves. (This phase shift is determined by the extent of 
anisotropy of the medium). If this phase shift is determined experimentally and 
theoretically when calculating the interaction between medium and radiation, then the 
first part of the solution of the inverse problem concerning the evaluation of the 
parameters may be obtained. 

Theoretical and experimental determination of the phase shift of fields with different 
polarizations (these fields compose the echo signal) determine the subject of our 
analysis and are the core of the second and third steps in our approach. 

After exposition of the main physical idea (as the basic method for remote 
determination of grass cover parameters), we discuss problems connected to the 
second stage: the choice of an adequate mathematical method for the description of 
the radiation- vegetation interaction. For the description of coherent scattering effects, 
the approach based on the radiative transfer equations unfortunately cannot be 
applied. It is necessary to find equations describing the behavior of the coherent 
averaged field in a randomly inhomogeneous medium. It is well known that in general 
the description becomes an application of approximate solutions of the Dyson 
equation [Karam, 1988; Kuznetsov, 1988], Here, no comparative analysis of these 
approximations is undertaken. We shall describe our own approach, which possesses 
adequate physical transparency and can easily be interpreted in terms of Feynman 
diagrams [Tatarski, 1971]. 

In the next step, a concrete solution scheme is proposed, allowing an experimental 
determination of the decisive phase shift of reflected waves with orthogonal 
polarizations. Waves with circular polarization are considered to be most suitable. 
This is because the phase velocities of waves with linear polarization (waves with 90 
degrees phase difference and equal amplitudes form circularly polarized waves) will 
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result in the appearance of waves with circular polarization, but with two directions of 
revolution of the E vector (right-hand circular and left-hand circular polarizations) in 
the echo signal. Knowing the relationship between the two components in the echo 
signal for two orthogonal circular polarizations, it is possible (and relatively simple) 
to calculate the value of the phase shift of the waves with horizontal and vertical 
polarizations. 



5.2 Space spectrum method 

5.2. 1 General concepts and relationships 

When electromagnetic wave propagation in randomly inhomogeneous media takes 
place, the main problem is the effect of multiple scattering due to fluctuations in the 
permittivity. 

An iterative method is conceptually simple but not always an optimal description of a 
real geometry from a computational point of view. Our method allows writing the 
problem solution in the form of a Bom series, i.c. a scattered field can be represented 
in the form of an infinite sum of fields with single scattering, double scattering, etc. 
Using this approach, single and double scattering processes are taken into account and 
the processes of higher order scattering are neglected. Such a truncation of a scries is 
possible when the parameter v = Lflj is small, where is the photon free path length 
in the medium and L is the characteristic linear dimension of the scattering area. 

When v«[, the Bom approximation reduces the calculations to a first iteration 
procedure. Such an approximation is called Bom scattering. Our approach takes the 
effects of multiple scattering into account by partitioning the whole interaction area 
into small zones. Within these zones, the condition is met and. 

therefore, the Bom approximation is applicable. The main problem of such an 
approach is combining the solutions at the boundary of such zones. Some aspects of 
this problem will be discussed in the sequel. 

In a number of problems of practical interest, the region with a randomly 
inhomogeneous medium can be modelled by a plane layer. In this case, it is advisable 
to consider infinitesimal thin layers with boundaries parallel to the boundaries of the 
macrolayer. Each thin layer has an elementary volume and meets the criterion for 
applying the Bom scattering approximation. Within the framework of such a 
geometry, it is convenient to represent the field in the medium as a superposition of 
plane waves. Such a field representation becomes the basis of the spectral domain 
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method of multiple scattering [Rino. 1988]. Consider, specifically, the Fourier 
synthesis 

(9-0= 7-^2 J E^ip.zy'^ l^dp (5.1) 

Here. AA is the area of an elementary layer on the x-y plane, z is the coordinate of an 
observation point along the axis directed perpendicular to the boundary of the planar 
layer and q is the projection of the wave vector k on this boundary plane. The total 
field E is represented in the form ofasum; £ = £’ + f'.The sign " + " corresponds 
to waves propagating in the direction of the + 2 axis and the sign " - " corresponds to 
waves propagating in the opposite direction. 

Within an elementary layer j, the electric field is the solution of the inhomogeneous 
vector-valued Helmholtz equation 

VxVx£-i2f,£, =kl8eX (5-2) 

Here, and denote the coherent and incoherent parts of the relative permittivity 
of the layer, respectively, and is the field within the elementary layer and is 
determined by the waves entering this layer. For the three layers modelling air- 
vegetation-ground (sec Fig. 5.1) the Helmholtz equations are 

V X V X * 0 (5.2a) 

VxVx£j-ko%{p,z;d)£3=0 (5.2b) 

VxVx£j =0 (5.2c) 



where is the wavenumber, E, are the electric fields and are 

the relative (to vacuum) permittivities in the three layers (air, vegetation and ground), 
respectively. To solve Eqs (5.2a-c) we need to choose appropriate ‘realistic’ boundary 
conditions [Lang, 1983]. 
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Fig. 5.1 Illustration of a three-layer model: air-vegeiation-ground 



The field leaving each layer can be represented as 






(5.3) 



where is the solution of Eqs (5.2a-c) in the absence of scaiterers and is the 
scattered field given by 

£,=/?(?, r)-S(r)rfr (5.4) 

being the ‘source’ defined on the right-hand side of equation (5.2), viz. 

S(?) = kX£, (5.4a) 



The dyadic Green’s function r{r,?) is given by 



r(r.r)« 



1 + 



kh 



VV 



G(r,r) 



(5.5) 



where G(r,r') is the ordinary Green’s function for the scalar- valued Helmholtz 
equation, given by 
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G(r.r) = exp|i;:(,^|r-?'||/(4)r|r-Fl} (5.6) 

It should be pointe<l out that the Green’s function is chosen in relation to a specific 
boundary problem. The choice of (5.3) allows us to meet the boundary conditions for 
an elementary layer (i,e,, the conditions for inhomogeneous media). By doing so. the 
dyadic Green’s function (5.5), can be applied in the calculation of with the scalar 
Green's function given in Eq. (5.6) meeting the Sommerfeld radiation condition. 
Assuming that the fields entering an elementary layer are known, it is easy to derive 
finite difference equations for the fields leaving the layer: 



t{q.z+Siz)= E-{q.zy'’^+Ef (5.7) 

Since Az (the thickness of an elementary layer) is small and the fields at point ' can be 
expressed as series in A^. we derive the following system of integro-differential Eqs: 



Here. £^^(q,2) i^> the transverse (with respect to x and y) Fourier transform of the 
forward and backward electric field corresponding to polarizations Cf ^nd /?. 
respectively, is a polarization-dependent (coupling) coefficient. 

k. — kl and denotes the transverse Fourier transform of the 

fluctuating part of the relative permittivity. The relationships in (5.8) constitute a set of 
coupled stochastic integro-differential equations expressed in terms of the fluctuations 
of the medium and the field. The transition from stochastic equations to averaged 
equations will be discussed in the next subsection. 



5.2.2 Stochastic or ensemble averaging 

The equations derived in the last section require further processing in order to be used 
for the description of the behavior of the average fields. For the calculation of the first 
moment, a problem arises in calculating the value where the random field 

E * 1 3 functional of the dielectric constant fluctuations 6i, » Se, {^, z). To 

derive a useful formula for , we consider the following stochastic (or 

ensemble) averaging [Klyatskin, 1975]: 
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f{^-n)={i{f)E[^+n]) 



(5,9) 



Here. is a certain deierministic funciion. The function £*[^ + ?j|can be 

expanded in a Taylor series around r\ as follows: 









(5,10) 



Inserting (5.10) into (5.9) we obtain 



/(?.r?) = (5(f)exp 



jd-rW) 



Mn 



r-in) 



(5-11) 



and derive 



f[rM- 



(exp{/<ir^(F')(5/.5;,<r)}}) 



(exp{i/r^(r')(5/5ij{F'))})£(;)) (5,12) 



Introducing 

^ (g(r)exp{.j^g(r)U(n}) 

(exp{.pr'^(r)t/(F')}) 



the equation for can be written in the following form: 



f[r,ij] = 0. 



iSr} 






£[o] 



(5,13) 



(S.13a) 



Consider next, the expression 
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Since it is non-random, we obtain formally 



/[^7,] = (Q 



, 5 
r, — 
iSr) 






(5.14] 



£ depends on t) and ^ only in the combination meaning that in ihe operator 

ii Ihe differentiation with respect to t} can be changed to a differentiation with 
respect to ^ . We find [Klyatskin, 1975). then, by setting f) ^0. 



(^(F)£(0= n 



. 5 



m 



Note that Q[r,t/] can be expressed as 

n\rV]- ^ ^ ^ _l ^ln^[^] _l «S0[f/] 

^ 4>[f/]r 5U(r)"r r5i/(f) ~iSU(r) 

where 

a.[(/] = (exp{ijrfr'^(r') [/(?')}) 

©[t/] = ln«>[t/] 

0[t/] is developed in a series expansion as follows: 

*=l ^ ' 

Differentiating ©[C/] results into 



(5.15) 



(5.16) 



(S.I6a) 

(5.16b) 



(5.16c) 



(5.17) 
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Subsiiluting t/(r ) = inEq. (5.15) yields 






(5.18) 



In many experimema) situations it suffices to assume a Gaussian distributed §(r) 
with “^4 =... = 0, ^>0 only the terms containing 4^|»<^(r)> and 
(r) ^(r')^ remain. In that case we find 

(^(?)£[^l) = (4(r))(£[^|) + J(^(r)^(F'))^^^^' (5.19) 

This relationship was derived for the first time by [Novikov. 1964] and [Furutsu, 
1963], It follows from this Novikov-Furutsu formula that the average value of the 
product of two random functions (which have a certain functional interdependence) 
can be represented in the form of the sum of two components. The first term is equal 
to the product of their average values and the second term depends on an average 
value of the variational derivative and the correlation function of the random 
function 

We make the following remarks concerning the Novikov-Furutsu formula applied to 
wave scattering in randomly inhomogeneous media: 

- If 5(f) describes fluctuations in the dielectric constant, the first term of the 
Novikov-Furutsu formula means that the field is scattered from each 
inhomogeneity only once. Repeated field scattering from inhomogeneities is 
described by the second term. This can easily be understood if we take into account 
the fact that after the first scattering the disturbed field is a carrier of scattering 
information. The field and the medium become, therefore, statistically dependent. 

- The application of the Novikov-Furutsu formula is advantageous as long as an 
explicit form of the function is unknown. The variational derivative should 
then be considered as a new functional relationship. 
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- The variational derivative of the functional 
as 



£[i/(r)] at the point 



r = is defined 



lim 



E[U + 8U]~E[U] 

5U(F) 



(5,20) 



in which is localized (different from zero) in the vicinity A around the point 



5.3 Solutions 

53.1 Cylinders as vegetation model 

Proceeding to the description of the coherent interaction between radiation and 
vegetation, we introduce a model of the grass cover as shown in Fig. 5.2. 
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Fig. 5.2 Mod^l of a grass cover 



The actual vegetation layer on the earth's surface is divided into three areas: 

- The first area is the diffused scattering boundary of the grass cover. Its effect on 
the coherent reflected signal is insignificant and it will be neglected in the 
following discussion. 

- The second area is the homogeneous layer of the grass cover. Here, the coherent 
effects of forward scattering mainly prevail. The backward radiation reflected by 
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(his layer is incoherent and its effect is negligible in comparison to forward 
scattering. 

- The third area is an earth boundary layer "smoothed" by vegetation. At the present 
stage of the investigation we assume that the reflection matrix in this region is 
symmetric. 

An introductive description of a polarimetric radar signal propagating through a 
vegetation layer was given in section 2.2.1. The influence of unwanted factors, such 
as soil conditions, must be recognized as noise. Separation of information in such 

situations is a complicated problem. In fact, the scattered field E,{ijyz) has to be 
represented in the following form: 



E,{q,z)^ 









i' J S, (q) 



E{q.z] 

(5.21) 



Here, the indices B and C refer to the earth and vegetation cover, respectively, and 
E[q^z) is the incident wave. and t[q) are matrix integral operators of the 

form 






1(9-9') 
1^21 (9.9 ) 



k{q) = jdq'r(q.q). 

m=jdq'-nm 



'12 (9.9') 
^22 (9-9') 



;?'(9-9) = 



f|| (9-f) 
r2.(9-9) 



4(9-9) 



(5.22) 



The operator R“ describes the reflection of an electromagnetic wave from the 

vegetation layer when a field is incident from above and R* gives the reflection of a 
wave from the vegetation layer that has been reflected from the soil layer. The 

operators f^~ describe the "transparency" of the vegetation layer. Integration over^' 

in operators R and f describes the field angular spectrum transformation under the 
condition that there is a single interaction of the wave with the vegetation or soil 
cover. 
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It must be emphasized that this single interaction should not be confused with Ihe firsl 
Bom approximation. 

The non-diagonal elements of the matrix operators describe the process of wave 
depolarization upon reflecting from or passing through the vegetation layer. 



Relationship (5.21) shows that the disturbance is both of a multiplicative and additive 
nature. Signal separation into two parts, each of which is the response to interaction of 
one system component only (either vegetation or soil surface), is not possible. It 
should be noted, however, that this difficulty of signal separation does not mean that 
information extraction (in order to determine the object parameters of the sub- 
systems) is impossible. 

We model the vegetation in the form of cylinders oriented normally to the plane of the 
averaged earth surface. In other words, we shall not consider the effects of grass 
which is not perpendicular to the earth plane. For actual experimental situations, this 
constraint can be quite serious, but then the analysis needs to be extended, with 
modifications so that the theory can be applied to more complicated spatially oriented 
cylinders, as well, 

53.2 Stochastic field equations 

In this section we derive a finite set of differentia) equations for the field in a 
randomly inhomogeneous medium (formed by an ensemble of spatially oriented 
scatterers) taking into account the effects of multiple scattering. 



We start with the two curl Maxwell's equations: 
Vx£* = -^^ 



Br 

« s T dE 

dt 



(5.23) 



The current density in the medium becomes 



T r- dP 



(5.24) 



Here, it is assumed that the medium conductivity is independent of frequency. The 
medium polarizability P and conductivity (j are local characteristics determined by 
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Ihe local instantaneous internal field. In other words, in describing the random fields, 
spatial and temporal dispersion is neglected. 

Let us assume that on a microscopic level the biomass substance is isotropic, i,e„ 
P = £qX^ X ^ ^ scalars. Assuming a monochromatic field, Maxwell's 
curl equations (5.23) can be transformed into the vector-valued Helmholtz equation 



Vx Vx £(F,a>)-i{o’^(?)E(f,a>) = 0 



(5.25) 



Here, 


1 


outside 


ihc 


cylinders 




£(?) = ! 


^ + — 


inside 


the 


cylinders 


(5,26) 



e^a) 



The elementary layer has a small thickness A? inside the vegetation layer parallel 
above the average plane-earth interface. The area of this layer (in the plane z = const) 
is filled with an ensemble of randomly located disks which are the intersections of the 
cylinders modelling the grass cover. 

We now consider the interaction between the radiation and the disks. We assume that 
inside the elementary layer we can neglect the effects of internal radiation. In fact, 
when modelling each disk by an extremely oblate spheroid, we find that its 
polarization factor a is a scalar (? = at ) and is very small (a is proportional to Az) 
In other words, each disk is a "soft ’ scatterer in spite of the fact that the average 
distance between disks is not large. This assumption is justified because for Az^O 
the condition of electrodynamic medium sparseness can still be met [Rino, 1988J; that 
is. 



m«\ (5.27) 

where n is the average concentration of scatterers. 

Describing the interaction between the field and each separate scatterer (disk), we use 
the generalized Rayleigh-Gans approximation [Klyatskin, 1975] which is valid if a 
disk scatterer is much smaller than the wavelength. The modelling of a disk by an 
extremely oblate spheroid allows us to simplify the problem. The field inside each 
spheroid may be taken to be uniform if the external field is also uniform. 
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Following [Novikov. 1964| and under the condition !j«l (in our case 

D = ). we write for the relationship between the internal and external fields 

(5-28) 



^int ^ ^ 



d-djf^[d^ -dj)iz 
where I d, =~ ^ 

For disks with thickness 2h = and radius a we know [Schiffer, 1979], 



8r = 



2K-1) 



m . .1 
sin 









s« = 



m 



m’ - 1 



l- 



— i 

a 

m = ^ 
k 



sin 



m 



m 



(5.28a) 



(5.29) 



In our case Az— >0. All relationships are then substantially simplified. We find 

Sr~^^' 8s dj-*l ^1/eand 




0 

I 

0 



0 ' 
0 

l/€ 



(5.30) 



A similar result can be derived using the Rayleigh approximation for thin cylinders 
[Furutsu, 1963], 



It is noted that in earlier research [Ryrr?v, 1978] an attempt was made to take into 
account the interactions within the elementary layer. Scalar waves in a continuous 
turbulent medium were assumed and a solution by means of iteration was proposed. 
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The investigations, however, are not fully correct and the conclusion concerning the 
insufficiency of the Bom approximation is questionable. 

Following the generalized approach of the spatial spectrum method [Rino, 1988], we 
divide the field in the plane of intersection ^ = constant into two parts: £* and E‘ . 
The quantities describe the angular spectra of the forward and backward 

wave fields. When constructing the equation for the field in the medium, we assume 
that the fields entering the elementary layer are known, i.e., the values of Eg{^,z) 
and E~{g^z + ^) ^ specified. We have to calculate the values of the fields leaving 
the elementary layer, i.e.. £’(fl,z + Az) and £’(p,r). 

The equation describing the interaction between the radiation and the layer is 
rewritten as follows: 



V'£ + *„-E = -*„'(€,-l)£ + y(V£) (5.31) 

We now transform the second term on the right-hand in Eq. (5.31). Such a 
transformation is needed because it mixes the second derivatives of the field 
components and thus introduces depolarization. Convolution with the Green’s 
function of the left-hand term in (5.31) will only remove one differentiation. As a 
result, when applying the first iteration procedure as a solution technique, we have to 
possess knowledge not only about the field itself but about its spatial derivatives also. 
This is why some transformations are carried out first. We derive from Maxwell's 
divergence equation 



V D=*V« (f£) = 0 (5.32) 

V.£ = -V-[(f-l}£j = -(y(£-l).£]~(£-|)V-£ (5.33) 

which leads to 

V-£ = -i(v[e-l]£) (5.34) 

This equation demonstrates that V*£ manifests itself at the boundaries of the areas 
occupied by the dielectric cylinders. 



Next, we introduce the function 
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(5.35) 



and use il in conjunction with Eq, (5.31). Upon Fourier transformation with respect to 
the transverse variables x and y, we obtain the inhomogeneous one-dimensional 
Helmholtz equation 



dz' 



£a(l.z) + (*0 = 



(5,36) 



where £^(q,z} denotes the o; - (rectangular) component of the forward (+) and 
backward (•) Fourier-transformed electric field component. The (infinite domain) 
Green’s function associated with the ordinary differential equation (5.36) is given by 






If 



2^ 






(5.37) 



When describing the field scattering within the elementary layer (Az— )0), the 
out ward- radiating ft elds £□ + Az), £« (q,z) can be represented as 






Ea (q,Z + Az) *£*{§, + J dzG'" {g,Z + ^-z')Fa{qyZ') (5.38) 



for the electric field leaving the elementary layer at the top side (+z direction) and as 

n — 2 

e-(4,z) = £-J(^.r + Az)W'»-'’^+ j *'G-(«.z-z')4(«.J' ) (5.39) 



for the electric field leaving at the bottom side (in the opposite direction). 

The relationships (5.38) and (5.39) are similar in structure. Each includes the sum of 
two components: The first one describes the part of the field passing through an 
elementary layer without interaction with vegetation. The second component 
describes the distortion of the incident field which is due either to forward or 
backward scattering. The thickness of the elementary layer ( Az ) is small and on the 
right-hand sides of (5.38) and (5.39) we can limit our consideration to those 
components that are proportional to the first power of Az only. 
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Recalling the definition of the function F{r) in Eq, (5.35). we have 



F(q,i) = fdpe-^^ 






£-V| -V 

e 



[-]■ 



(5,40) 



As a consequence, the integral in Eq, (5.38) can be written explicitly as 

cip'e-^^v + 



(5.41) 



Al first, we shall carry out the calculation of the second integral. By introducing the 
auxiliary vector £ as 









(5.42) 



where d is the matrix operator defined in Eq. (5.30). After integration by parts in Eq. 
(5.42). we obtain 



L = Z, + t, 


(5.43) 


where 




A = \ (« - 1) ■ ^ (P'. 


(5.44) 


^ = L ^ ^ 


(5.45) 


In the limit Aj -4 0, 




Z,=o 


(5.46) 



Next, we use the property 
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{q. z - z')] = -ike-‘^^'C* {q, z - z') (5.47) 

where 



ft={9.*,(5)} (5.48) 

q={k„k,) (5.48a) 

= ( 5 ' 49 ) 

(5.49a) 



We also note that 



= (5.50) 

where 6^ is the Dirac (delta) function specified at the surface 5 as a discontinuity in 
the dielectric constant. S characterizes the layer structure [Karam, 1988] and n is the 
unit vector normal to the surface S . 

Substituting Eqs (5,47) and (5,50) into Eq. (5.45) yields 

L^^ik I dV^-’^^'G*{q,Z-z')SsE,(p',z') (5.51) 



where E„ is the normal component of the internal field on the boundary S , This 
expression can be rewritten as 



Li=i 



.e-1 e 



‘■ 1 ^ 












J s 



(5.52) 



where, = d • . To transform the surface integral to a volumetric integral, it is 

necessary to take into account that 
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V’ - (r’) j = -ik • e-^'’E(f) + - ^(r") 

where V' • E (F) is determined from Eq. (5,34). As a result, we obtain 



s 






I dvr* '' (r) + /: 






/ 



The volume integral can be transformed using the relationship 

= 7^ ■ I (M. ^') - 

{2fr) j 

-iil 



(2;r)- 






(5.53) 



(5.54) 



(5.55) 



Let p-p-pj. Then, 

A » • X jAfiJdfl 

(4^) j 

= -^ Z J^'='‘P{-%(?)^'} JrfpJo(|9-,2|p>9 

0 

(5.55b) 

where is the transverse coordinate of each disk center and R is the disk radius. 
Finally, Eq. (5.42) is approximately recasted into the form 

^ f 0 

(5-56) 



Returning to Eq. (5.37), the approximation over the interval 
C/’(^, Z“z')aO' {q^z + ^-z’) 



(5.57) 
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is justified because the integration over is carried out over an infinitesimally small 
interval. Using the mean-value theorem for the integration over z\ we replace the 
integration by a multiplicative factor A 2 and obtain 

\d/As{q-/i)ii„f,[E}{M,2)+Eg ( 5 . 58 ) 

where we have used the relationship ) . The term 

Ae{q- fi) is due to the random characteristics of the location and the shape of the 
scatterers. We know that 









( 5 . 59 ) 



Canying out the two-dimensional transformation over p in (5.59) yields 



Afi (g - ^ {p)dp 



Assuming that ail cylinders have equal radius R . we write 



where 



A«oO) = 



0 , 



when 

when 



\p\^R 



(5.60) 



( 5 . 61 ) 



(5.62) 



so that 






J_ 

2;r 



_ N 

]dppJ^il\q-~p\p)Y,<^ 
0 M 






(5.63) 
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Carrying out similar calculations for the other integral expressions in (5.38) and 
(5.39), we finally arrive at the following finite-difference system of stochastic 
equations; 



E> (g. z -h A.) = E- (^, z)e-^^ 

i 

and 



(5,64) 



K ft -) - K 

A£q ^ {e* (/i. z) + £,■ (*3. z)|az 



(5.65) 



The contribution of the total layer is formed by the summation. The summation sign is 
omitted in the following. When Az 0* these two equations can be transformed into 
a system of integro -differential equations: 






xXj-^Me"^’’"’ "'Ebo (g - AVft' (A.j) + (A. z)} 



(5.66) 



In Eqs (5.64)- (5.66), the Einstein summation over and y is implied. 



The integral in Eq. (5.56) describes the interactions of the angular spectrum 
components in the vegetation layer and the re-partitioning of the field energy in an 
angular spectrum. 



Equation (5.66) resembles the radiative- transfer equation [cf. Ulaby, 1990|. However, 
there are some distinctive aspects which should be pointed out. In the first place, the 
relationships (5.66) are derived from wave equations, while the radiative-transfer 
equations are phenomenological (Transport theory can also be rigorously derived 
from basic principles via wave- kinetic techniques (theory of gases) of Boltzmann 
[Lifshitz, 1979] and neutron diffusion [Sommerfeld, 1956]). Secondly. Eqs (5,66) 
describe the fields themselves and not in quadratic or “power-like” quantities. That is 
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why the principle of field superposition can be applied in (5,66). while the 
corresponding integral in the radiative-transfer equations requires incoherence of the 
scattering processes. Equation (5.66) is stochastic; in the next section, we shall 
undertake an ensemble averaging in order to find the equations for the averaged 
fields. 



5.3.3 Averaged siochasiic equations describing scattering from extended scatterers: 
first- 0 rde r approximation 

The fields in Eq. (5.66) depend on the spatial positions and orientations of the 
cylinders: 

rU‘i-2) = E^{ii.zp.]) (5.67) 

The averaged fields are found by averaging over the ensemble of cylinder 
realizations; specifically, 

= = (^'Z|{A}) (5.68) 

where W (p,,pj,...p^)denotesthejointprobability density function. 



Averaging of the second term on the right-hand side of equation (5.66) yields 



where 













(5.69) 



(5.70) 



Hypothesizing statistical independence of scatterers and invoking the properly of 
permutation symmetry for the field, we obtain 

= Pj -A) (5.71) 



Eq. (5.70) can be further simplified. The averaging in (5.70) is executed overall p^. 
When averaging is restricted to the position of cylinder j and not over the realizations, 
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we deal with a spatial Fourier transformation. For a given Sq (which is the area 
covered with cylinders), the distribution density holds. With this, Eq, 

(5.70) can then be written as 

{q,) = ^{e; E- (/i, z|^ - a )} (5.72) 

Substitution of (5.72) in (5,69) and under the assumption that (Q,^ is independent of 
j. Eq. (5,70) becomes 

{[i.z\q- fi) + E, (5.72a) 

with 









(5.72b) 



In (5.72a), we proceed with the limit ^ ^ (i c., the position 

density of the cylinders has a finite value). In this case, the averaged equation 
corresponding to (5,66) is given by 

±^(^o (9. ^)) - {Ea (?■ z)) - Aeo (q-^) 
x{£;(Az|«-/i)+e;(fl.zi«-fl)}=o 

It should be pointed out that equation (5.73) is similar to that for the averaged field in 
a cloud of discrete scatterers [Landau. 1982]. Complete correspondence holds when 
d^A€Q{g ^ jX)^ Xpf where polarization tensor of a separate discrete 

scatterer. 

The system of Eq. (5.73) contains not only the desired average fields 

also the fields Eg(^fiyZ\ii “ fi)y of which the physical meaning has not yet been 
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explained. isdeiermined by the dependence of ihe random field on 

the coordinates of the scaiterers £’a(f,[{/5,}). 

Note, again, that £j(r) is the field entering the elementary layer and that the 
dependence on is thus a "memory effect" connected to earlier scatterings. In the 
absence of such a "memory.” we obtain 

(5.74) 

Using ihis expression, Eq. (5.73) becomes 

+ (O)n^‘^0r [(^r + (9' ^))] 

(5 75) 

System (5,75) describes the propagation of an average field in a continuous 
anisotropic medium with effective dielectric constant characterized by the tensor . 
We now want to calculate this tensor. By subtracting and summing the forward and 
backward averaged fields . we find 

^ {{E‘ {ij. z)) - {£' i^.z))] = ik, (5)(E| (5. z)) + ( 0 ) {g, z)) 

^ {4' (5. ^ )) = ‘K («) ({ (^ . 0) - (k (q - z ))} 

(5.76) 

where differentiation of the second equation of (5.76) with 

respect to z and substituting the result into the first equation, we subsequently find 

+ (5.77) 

Comparison of Eq. (5.77) with the standard one-dimensional Helmholtz equation 
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dz 

leads to the following effective permittivity for the grass layer: 



=5^ +8rt'*o^nAeo(0)*,(<7)n^i/p, (5.79) 

With the choice of reference coordinate system such that the waveveclor k is 
positioned on the (y,z) plane, the permittivity tensor is proportional to the following 
matrix: 





0 

-kyk,/f 

kQ - it? y e 



(5.H0) 



This describes an anisotropic medium or an "artificial dielectric" with permittivity t ' . 

We now analyze the propagation of vertically and horizontally polarized waves 
through such a medium. In the first case, the electrical field is specified by 




(5.81) 



Using Eqs (5,79) and (5.80), the effective permittivity of the grass layer for 
horizontally polarized waves equals 

cf =l + 2;r=nAeo{o) (5.82) 



For vertically polarized waves, the field vector is specified by 




0 ' 
cos6 
-sinO 



(5.83) 
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and ki iire given by (— ipSin^) and cos 0), respectively. It is easily shown 

that 

AE^ =4o(cos^^+sin^0/f) (5.84) 

With (5.84), the effective permittivity of the grass layer for vertically polarized waves 
equals 

ef =sl+2;r’nAeo(o)(cos^0 + sin^0/£) (5.35) 

Comparing formulas (5.82) and (5.85), it is clear that the medium is anisotropic. The 
anisotropy manifests itself when changing the incidence angle 0 . A plot of the 
relationship 



= 27r^nAeo(0)-^— ^ sin^ $ (5.86) 

is presented in Fig. 5.3. It is evident that at normal incidence(0 = 0), there is no 
anisotropy. Anisotropy increases with an increase in the concentration of cylinders 
(stems of grass) and the value of dielectric constant of biomass t and is proportional 
to the cross-sectional area of the stems ( A^q(O) - ). 
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Using (5.86), Ihe additional phase shift between the waves wiih horizonial and 
vertical polarization is readily obtained when these waves pass through a layer of 
grass with thickness H: 

(5.87) 

Next, we will discuss the physical meaning of the approximation leading to equation 
(5.75) and the validity of the ensuing results. As pointed out earlier, the "coding ’ of 
information by a scattering object takes place when a field interacts with it. After such 
an interaction, the field carries this information in amplitude-phase relationships of its 
angular spectrum. This means that within the layer of vegetation the field depends in 
particular on the geometry of the vegetation layer, i.e.. it depends on the spatial 
orientation of the stems of grass. Eq. (5.75) implies that there is no correlation 
between the field and the position of scatterery j and that only a part of the field has 
been considered, which assumes no interaction between the stems. In summary, of all 
possible models of wave scattering only those were applied that did not involve 
repeated scattering. 

The processes of scattering not described by (5.75) are represented in Fig. 5.4. The 
approximation considered in this section is therefore called the first approximation. 




Fig. 5.4 Model ot* scatter iftg prcK’K!»es 
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53 A Use of field equations derived from the first approximation 
Eq. (5.73) illustrate the well-known problem of field averaging in connection with a 
random medium. This problem is further discussed when applied to vegetation 
models, but now for the quantity We multiply the system of 

stochastic Eq. (5,66) with exp{-if p^Jand then conduct the averaging by a 
procedure analogous to that used in the previous section. This results in the expression 

= inn^fdcldfi ■ Ae^,{<} - {P.z\q - fi* x)+ E, + i)] 

This system of equations as in the case of Eq. (5.73) is not-closed. The question then 
arises whether it can be closed and, if so, which approximations should be applied. 

When considering Eq. (5.88). the left-hand side is similar to the left-hand part of Eq. 
(5.73), It is. therefore, important to focus our attention on the differences of these 
systems, especially in the right-hand parts. To do so. we execute in (5.88) an inverse 
Fourier transform over the vector this operation yields: 

Jd/idSo (g - /i) £*(/:. z|g ^ ^ + z) = 

“intl^dpyj dpAeo ( 9 - ) = < 5 -« 9 ) 

= inn^dpy\dpAEj{g-fi)I^E*{{l.z\p,) + E;[fi.z\p^)'j 

A comparison of Eqs (5.89) and (5.64) leads to the physical interpretation that this 
field component destiibes a distortion to the average field, which appears when an 
additional cylindrical scalterer is placed at point p^. The distortion itself is 
propagating in the medium and undergoes multiple scattering from other cylinders. 

Using this physical explanation, the approximate relationship (5.75) beaimes a more 
exact one by introducing the additional field disturbance caused by the source (5.89). 
It leads to 



6 E^(fi,z\q - fi)= E^(fi.z\q - fi)- {2:1}' S{^ - 



(5,90) 
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This relaiionship needs lo be explained in more detail. Starting with a vegetation 
model consisting of N randomly positioned cylinders, we carry out the procedure of 
field averaging over (N • 1) cylinders. In order to carry out such a partial averaging of 
the field, we write the obvious relationship 

(£„(r|{p,]))^^ = £„(?|p,) = (E„(r)}+5£„(r,p„) (5.91) 

Now we carry out a Fourier transform over the coordinates of cylinder M with (5.90) 
as a result. 

The field distortions can be derived by multiplying Eq. (5.73) with (2;r)^{5{i) and by 
subtracting it from (5,88). The resulting expression can be written in the following 
form: 

+ (5.92) 

= + ^ ) + £; -/i + ^)] 

The boundary conditions for this set of equations are 

Here, is the complex matrix coefficient of the earth's surface reflection. 

This coefficient describes the transformation of the wave from the state to 

the state . 

Equation (5.92) characterizes field distortions, but similarly to Eqs (5.73) and (5,88) 
we are dealing with a non-closed system. It is possible to associate (5,92) to (5,73) 
and (5.75) by using the approximation 

2|i) 



(5.93) 



(5.94) 
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This approximation physically means that the field is not doubly scattered (see Fig. 
5.4). 

5.5,5 Spatial dispersion effects: the second approximation 

In order to investigate the effect of multiple scattering, we apply approximation (5.94) 
to (5,92). The two equations can be united in one using the new unknown function 

<5£‘ = 5E-:(4,z|j?)4-5£;(^,2|i) (5.95) 

In fact, by summing and subtracting Eqs (5.92) and using the approximation (5.94) we 
obtain 

[q,z\f)-ik,{q)5E: [q,z\2)}-2ik^ {q)SE^-2mn^d^(,2nf5E^Ae,(0)^ 

= 2inn^di^jdflEef, [q- {i)SEf{ft.z\q - fi + x) 

(5.96) 

and 



(g,2|/)} = 0 (5.97) 

Carrying out the differentiation over • in (5.97) and substituting the result into Eq. 

(5.96) gives 

^SE^ + 2{kl {q}5^ + ( 2 ^)'*^ 

= -2k2{q)tin^df^jdfiA£a(q-fi)SEf(p,z\q-fi-¥X) 

Eqs (5.97) and (5.98) have to be true for any cross-section of the vegetation layer and 
therefore also at its boundaries. These equations have to fulfill the boundary 
conditions in a similar way as (5.93) for (5.92). 

Starting with the upper boundary of the layer (z = H). it follows from (5.93) and 

(5.97) that 

(?){ 5 £^} = 0 



(5.99) 
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The lowest boundary of the layer is the earth’s surface. In general, the relationship 
between incident and reflected fields at this boundary is substantially complicated. 
However, here we can apply simplifications in the reflection coefficient 

of the earth's random surface for the field strength and not for the intensity. The 
absence of factors quadratic in the field allows us to simplify the integral relation 
(5.93). If the earth's surface can be described by the method of small perturbations 
(the conditions of this method arc well known IC/aby. 1982, Beckmann and 
Sptzzichino, 1987]), then the expression for the reflection coefficient can be written as 

= (MOO) 

i.e.. only the coherent reflection component for the field in the vegetation layer 
remains and the diffused scattering can be neglected because of its incoherence. 

If the surface perturbations are substantial, then the coherent component is absent, 
meaning that in Eq. (5.100) = 0 . The small-roughness approximation 

holds surprisingly well for more general surfaces and turns out to be less restrictive. 

From (5.93) and by using (5.100), we find 

= (MOl) 

Equations (5.95) and (5.101) give 

(5,102) 

With this relationship, the final expression of the boundary condition for field 
distortions at the lower boundary of the layer becomes 







(.5.103) 



We now consider the solution of the stated boundary-value problem. Denoting the 
nght-hand side of (5.98) as >he general solution of this equation can be 

written as 
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- «, + f^-i-K{q) f sin [at )(z - z')j M (z')cfe' 

0 

Here, we use the notation 

r{q]= 

The exponential with the matrix K{q)i^ approximated by 



where 

and / is unit matrix operator. Introducing coefficients Cj and C, such that 

) + i,(9)/)c- = (k(^ ) - k, [g)l)a 

we find from Eqs (5.99) and (5.103) that 



s J dr'0(z')‘ W (z') 



Here, 



®(2’) = *z(9)]-^si'' K(9 )(H-z')]4-J^T'Cos K{q){H-z)^ 

Solving the system of linear Eqs (5.107) and (5.108) with respect to the 
andC^ and substituting the derived expressions into (5.104) results in 



(5.104) 

(5.(05) 

(5.106) 

(5-107) 

‘^2 = 

(5.108) 

(5.109) 
vectors C, 
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st{ii,z\x) = ]'¥{z,z',i}yM{z',!}.x)dz' (5,110) 

0 

The dependence of M on q and ^ follows from (5.98), This expression can be 
simplified by approximating (5.75). In this case, the integral over 5 is trivially 
evaluated, due to the presence of a Dirac delta function; 



M {z.q,x)~ -[2nf k 7 {q)CiEf,{x)^ + X'Z) (5.111) 



where 



Ud^n^dt^ (5.111a) 

We subtracted for evaluation of the part we removed in (5.75) when 

proceeding from (5.73) to (5.77). Carrying out the calculations for (5.73) (the 
calculations are similar to those yielding (5.98)). we obtain 

^p}+{4(q-)f + *,(9)n7«A£3(0)}.|^ = 

13*1 1 » I 

= -3J dp&e^ {q - p)st^ {p. z\q - p] 

We make some substitutions in Eq, (5.1 10) before calculating the right part of (5,112). 
The vector ^ is arbitrary and consequently in (5,110) we carry out the substitutions 






(5.H3) 



We. then, multiply the expression by Afp (^ - fl) and perform an 

integration over p. As a result, we obtain 






(5.114) 
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Placing (5.114) in the right pari of (5.112) we gel an equalion close to the previous 
one for n (^»z) in which the effects of multiple scattering are included up to second- 
order (which should not be confused with double scattering!). 

It is clear that the higher-order returns result in the appearance of spatial dispersion 
effects. The resulting equation for isinlegro-differential. 

Equations analogous to (5.112) and (5.114) can be derived from Maxwell's equations 
in the case of an isotropic medium that has a spatially non-local nature. The equalion 
for the electric field is given in this ca.se by 

V'£ + i-£ + 4n*-|j:(f,r')£(rV? = v(7£} (5.115) 

Equation (5.114) and the integral par! of (5.115) constitute an addition to the medium 
polarizability caused by spatial dispersion. The underlying physics can be easily 
understood: an average field at a specified point f depends on the inhomogeneities 
surrounding this point. 

We have derived an effect due to spatial dispersion when solving the boundary value 
problem. The method of the dispersion equation is most suitable when analyzing such 
problems. This will be considered in the next section. 

5.3.6 Spatial dispersion in a grass layer 

The permittivity matrix of a medium determines the relationship between the electric 
displacement density and the electric field intensity 

(5.116) 

As mentioned earlier, the summation has to be carried out over repeated indices. The 
sign of summation is omitted for simplification of the notation. The dependence of the 
relative permittivity matrix on o) determines the frequency (time) dispersion 

and its dependence on the wave vector k gives the spatial dispersion of the 
electromagnetic field in the medium. The tensor is complex with the 

following properties: 
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(5-117) 



In the case of an uniform isotropic medium, in which the properties are the same ai 
any point of space and in any direction, the tensor is only a function of k and does 
not change when a replacement o( k -^-'k takes place. The tensor can only 

contain expressions with the unit tensor and the tensor Other tensors of the 

second rank with components of k arc impossible. That is why for an isotropic 
medium the tensor ^ represented by [Furufsu. 1963]: 




(5.118) 



This means that of the 9 components of the tensor J two are independent 

in an isotropic medium, i.e., and These components are called 

transverse and longitudinal permittivities, respectively. 



This can be understood when we multiply the tensor k,k^l k' with Ej . This operation 
extracts the longitudinal (with respect to the wave vector fc) part of the field 

In the same way. the value characterizes the electromagnetic properties of the 

medium with respect to the longitudinal field. After multiplication with E , the tensor 
{5,-k,k,lk^) extracts the transverse pan of the field. For this reason, 
characterizes the electromagnetic properties of the medium with respect to the 
transverse field. 



In general, for an anisotropic medium, an electromagnetic field in the substance is 
neither absolutely longitudinal nor absolutely transverse. For an anisotropic but 
spatially homogeneous medium. e,g„ an effective medium modelling grass cover (see 
Fig. 5.2). the wave equation (5.25) can be written as 



D 

VxVxi-ito^J’ dl'jdre(l-l'.r-r) E(l'.r) = 0 



(5-119) 
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Going from a (^.7) to a representation 



, we obtain 



{k%-k,kj-kie^ (w,fc))E, =0 (5.120) 

The condition for solving this system of homogeneous equations is given by 

A = \k \ - k,k, - («. i ) = 0 (5.121) 

where | | denotes the matrix determinant. The dispersion relationship (5.121) 

connects the frequency (i> with the wave vector Ic for electromagnetic waves existing 
in the medium. 

In the case of an isotropic medium, for which the tensor has the form as given in Eq, 
(5.118), the dispersion relation (5,121) splits into two equations. i,e.. the determinant 
A is factorized, assuming the following form: 

e' )[j ^ - kl£'-[o}, j )] = 0 (5. 122) 

The first multiplicative factor represents the existence of longitudinal waves and the 
second factor the existence of transverse waves in the medium. Unfortunately, such a 
factorization cannot be done in the general case of an anisotropic medium. It should 
be pointed out that a longitudinal field by definition is a potential field (with the 
property for a plane monochromatic wave) 

£(a).i)=-k{/^,il') (5.123) 

Using MaXNveH's equation V*6 = 0 we find 

(5.124) 



or 



(5.125) 
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This represents the dispersion equation for longitudinal or potential waves in an 
anisotropic medium. 

Fn)m the dispersion relation (5.121), it is possible to understand the propagation of 
the field into a medium when an electromagnetic wave is incident on its boundary. 

However, strictly speaking, the tensor can only be introduced for an 

unbounded and spatially homogeneous medium. That is why in Sec. 5.3.5 we 
considered the boundary value problem. The analysis of waves in a plane layer of 
finite thickness, with discontinuities at the boundaries, can be carried out reasonably 
well on the basis of the dispersion relationship if the dimensions of the medium are 
much larger than the wavelength. In this case, the dispersion equation (5.121) 
concctly describes the spatial change of electromagnetic waves at distances from the 
boundary that are large compared to the wavelength. At such distances, a spatial 
change of the field is determined by the properties of the medium itself and not by the 
discrete boundary value conditions. Such an approach is widely used when analyzing 
the propagation of electromagnetic waves in a plasma [Li. 1992]. 

When solving the boundary value problem, the complex projection k((o) on a 
specified direction is usually determined under the assumption that a> and two other 
orthogonal projections of k{<t)) have real values. The spatial change of the field in 
such case is determined by 



£(f, r) » (5. 126 ) 

where k^{(i)) obeys the dispersion equation (5.121). In the general case of a complex 

wave vector jt(cd), the wave in (5.126) can be called ’conditionally" plane, because in 
this case the planes of constant phase (i.e., the planes perpendicular to the vector 
Rtk(o))) do not coincide with the planes of constant amplitude (i.e., the planes 
perpendicular to the vector Imjt(ct>)). Such waves are called inhomogeneous plane 
waves. 

If the wave has a small attenuation factor, i.e., jlmf(co]j «|Rc^{co]j (e.g., in a 

weakly-absorbing, almost transparent medium), then, with great accuracy, it is 
permissible to say that phase and group velocities of waves coincide with velocities in 
the absence of absorption. We focus our attention on the phase velocity of coherent 
waves in the medium, viz.. 
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0)k (<i>) 

V— ^ 

which determines ihe phases shift between orthogonal polarized waves. 



(5.127) 



The above-stated properties of the permittivity tensor of an anisotropic medium are 
used when we derive the system of equations for the averaged field and its distortions 
within the framework of the second-order approximation, viz,. 



and 



where 






(5.130) 



After Fourier transformation over z in (5.128) and (5.129), the relationship (5.90) is 
used. As a result, we derive the expressions: 



(5.131) 



and 
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|A„-|/+4ff'nA£o(0)S(«)j-*-;| 5£{5,*;|^) = 

dpAe„ {q -fi)SE[[i.ky + (5. 132) 

-*o'4ff {-x)S{q)E{q + ^.*^ ) 

Now it is necessary lo express the right-hand side of (5.131) as a function of e[Ic). 
This is done by means of (5.132), where we take advantage of the fact (hai ^ is an 
arbitrary vector and that a change in notation can be carried out via 

ci^v\x^ii-v (5.133) 

Instead of (5.132), we obtain 

5i(v,i^|5-v) = -(Aj (t/)-i„"4;r"A£o(t'-9)f(q,i2) (5.134) 

under the assumption that the perturbation in the field, St , is small in comparison to 
the average field. Here, |a(v)| is the inverse of the matrix: 

4(v)=*jl/4-4n'nAeo(0^(v))-l:-7 (5.135) 

Next, we multiply (5.134) with A£i»{^-i7) and integrate over v to get the expression 

-4;r\'/c(v(Af„(g-v))‘(A(v)) (5.136) 

Eq, (5,131) can now be rewritten in the form 

ki 7+4«‘^/iAf;j(0)5(^)-|iyv[Ae-o(^-v)]'|A(v)j -A’7 •f(^) = 0 (5.137) 

The dispersion relationship (5.121) follows unambiguously from this system of linear 

equations. The permittivity tensor in accordance with (5. 137) has the following form: 
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/ + 4ff=5(^) nA£,(0)/-i:o'|rfv(/l(v)['(Af,(g-v))‘ (5.138) 



For further analysis, ii is necessary to calculate the integral in (5.138), but first we 
need an explicit expression for the elements of the inverse matrix ^(v))^ , with the 
matrix a(v) given by 



As 


















t > 



-fci2.a£a(o)(,* 






(5.139) 



Since the calculations are lengthy and complex, we analyze the particular case for 
horizontally polarized waves. Taking into consideration that the model of the 
scatterers has axial symmetry with respect to the OZ axis, the wave vector 
ic = in the KOZ plane is studied. In this case, the determinant of the matrix 

A is equal to 



del A = — 
e 






[k--k‘)'+ 

+4n*n'{Ae„y k^{ki 



-2k''j + In'nASfj 1 ‘ ) 
( 5 - 140 ) 



Equating (5.140) to zero leads to the dispersion relationship for a field in an effective 
medium in the first approximation. It is obvious that det4 = 0 when: 

k' = ki[l + 27r'nA£^{0)) (5.141) 

which corresponds to the earlier result [cf. Eq. (5.82)]. 

When detA*0,the elements of the inverse matrix (a) can be written in the form 
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detA 



(5.142) 



where Aj, is th® co-factor of the elemenl in the determinant [Ganimacher, 1988], 

It is clear that the integral in (5.138) is determined by means of the distinct poles of 
the integrand at the points defined by the relationship (5.141), The detailed calculation 
scheme allows us to estimate the accuracy of the derived effective permittivity in the 
case of radar remote sensing by means of horizontally and vertically polarized waves. 



5.4 Conclusions and applications 

In this chapter, the process of scattering of radiowaves from a surface is considered. 
The main direction of the study is the determination of appropriate approaches for the 
solution of inverse scattering problems, leading, specifically, to the determination of 
the dielectric permittivity of a surface. General solutions of such problems are 
impossible due to the large variety of surfaces that can be investigated with the help of 
remote sensing methods. In this chapter, a specific type of surface is considered, with 
a grass cover modelled in terms of cylinders perpendicular to the plane of incidence. 
The full analysis of such a model, especially with full account of multiple scattering, 
represents a very complicated electrodynamic problem. For this reason, several 
additional simplifications are introduced. First, it is assumed that the cylinders on a 
pertinent portion of the surface under consideration are uniformly distributed. Then, 
single and higher-order scattering approximations are considered sequentially. Three 
specific models of scattering from cylinders are investigated in detail. 

Under the aforementioned simplifications, it is possible to reach certain conclusions 
regarding the averaged scattered fields, accounting for appropriate boundary 
conditions, the statistical inhomogeneity and anisotropy of the grass cover model and 
the polarization properties of the incident field. With respect to the latter, only simple 
ca.ses of field polarization, e.g., linear polarizations are considered. 

The most important outcome is that it is possible to obtain (by an analytical approach) 
the rather complicated dependence of the averaged scattered field and the effective 
dielectric permittivity of the surface. The latter depends on the grass cover model 
itself, as well as the properties of the incident field, e.g.. the angle of incidence. For 
example, the anisotropy of the effective permittivity decreases with an increase of the 
angle of incidence. 
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The rcsuiis obtained in this chapter may be useful in several physical applications. For 
example, agricultural areas, such as meadows, crops of wheat, com, etc., can be 
modelled in terms of uniformly distributed cylinders. In such cases, knowledge of the 
effective surface permittivity allows one to determine the humidity and biomass of the 
surface cover. 




CHAPTER 6 



Review of Vegetation Models 



6.1 Introduction 

Many papers have been devoted to the problem of radio wave reflection from 
vegetation. The investigations have been pursued over a wide range of wavelengths 
(meterwave, microwave, millimeterwavc. optical wave) using active methods (radar, 
scatteromctcrs ) and passive methods (radiometry. photography) as well. Ground- 
based. aircraft and satellite-based measurements and theoretical analyses have been 
performed. The results have been published in a number of reviews [Po/apov, 1992; 
Yakovlev. 1994; Chuhlantzev, 1980] and monographs [Skutko, 1986; RatchkuUk, 1981; 
Kondratiev, 1984]. 

The present review is limited to electrodynamic models of vegetation. The frequency 
band covers meter waves down to millimeter waves. Passive methods (radiometry) 
are not discussed. 

Sections 6.1 and 6.2 contain a brief description of biometrical characteristics and 
(eleclro)physical properties of vegetation; in section 6.3 the main models of 
vegetation are described and attention is devoted in sections 6.4 and 6.5 to determi- 
ning the biometrical characteristics of vegetation on the basis of radar sensing data. 



6.2 Biometrical characteristics of vegetation 

The following parameters are used as biometrical characteristics of vegetation 
[Skutko. \9Z^\Ross, 1975; Ulahy, 1983]: 

1 ) biomass of vegetation = the weight of green mass per unit area (ccnlner/ha; 1 
centner = KXlkg. 1 hectare ha= lOOOOm^) 

2) density of planting = the number of plants per unit area (units/m*) 

3) height of vegetation, cm 

4) relative weight moisture content, % 

5) moisture storage of vegetation cover = the thickness of deposited water, mm 

6) area of foliage surface, mVha 

7) sparseness of planting = that part of the area without cultured vegetation 

8) utility yield = the weight of utility (valuable organisms of plants) 
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9) biological yield = the total weight of plant organisms formed during the period of 
vegetation 

10 ) above-ground vegetation mass 

11 ) evolution • homogeneity of a phenomenological composition of crops 

12) dry pholomass of plants = ihe mass of plants taking pari in the process of 
photosynthesis 

The above mentioned biometrical characteristics of vegetation are the most widely 
used. 

An example of biometrical characteristics of vegetation is shown in Table 6.1 [Shutko, 
\9^6, Ross. \97 5; Peake. [959, Chuhlantzev. [919. Finkelshtein. 1994]: 



Crops 


Density of 

planting, 

units/m^ 


Height of 

vegetation, 

cm 


Weight of 
green mass, 
ccniner/ha 


Moisture 
content, % 


Moisture 
storage, mm 


Winter wheat 


400. 1000 


60 .120 


20.. . 40 

35.. .130 




0-26. .,1.1 
0.60... 2.2 


Winter rye 


m..7oo 


120... iSO 


20-..45 


75.. . 85 

50.. .60 


0.75. ..1.3 


Spring wheat 


300.. 500 


80 .120 


50,. 150 


55-65 


1.1...2.5 


Spring barley 


400... 900 


40. .90 




60...70 


0-7.. .2.4 


Corn 


5 . 30 


120... 320 




80... 85 




Sugar beet 


7.4 


30...50 


125, -.300 


SO-..90 


I.2-..2.8 


Sor^um 




300-..400 








Oats 




82...iO(} 


225 ...534 


73.77 




Wheat 




8S...96 


208 


56...71 




Barley 




74...77 


18B...251 


77 .81 




Rye 




84...8S 


201...207 


74... 75 




Alfalfa with grass 




44.5 


236 







Table 6.1 Eiample biomeirical characterisiics of vegetaiion 
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The characlerislics of vegetation given in Table 6.1 only give approximate knowledge 
of biometrical characteristics of vegetalion because they depend on the stage of plant 
vegetation, weather and climatic conditions, soil conditions (moisture content, 
fertilizer content, etc.) and many other factors. 

Remote measurement of all biometrical characteristics of vegetation is hardly feasible, 
A more effective way is detecting correlation relationships between different 
parameters. As an example, the correlation matrix of biometrical characteristics of 
winter wheat in a phase of heading is shown in Table 6.2 [Kuusk, 1982]: 





lig 


EH 


EH 


o 


El 


dl 


d 


ISRI 


EM 


P3R 


m 


B 


Designed coverage (DC), % 


1.00 


1 


■ 


■ 


■ 


■ 




■ 










Total number of stems (No), 
unils/m^ 


0.76 


1.00 






















Number of stems with heads 
(Nk). units/m^ 


0,84 


0 97 


1.00 


■ 


■ 


■ 




■ 










Height of plants (b). cm 


0,84 


0,55 


0.52 


1.00 


■ 


■ 














(Wet) biomass (Q), 
ceniner/ha 


0,80 


0,72 


0.73 


0.75 


1.00 


■ 




■ 










Mass of heads (MO. 
cemner/ha 


0.74 


0.72 


0.75 


0.89 


0.79 


1.00 














Mass of stems (M*), 
centner/ha 


0.71 


0.78 


0.81 


0.73 


0.91 


0.85 


1.00 


■ 










Mass of yellow leaves {My]), 

cenIner/ha 


0.57 


0.54 


0.53 


0.66 


0.72 


0.67 


0.68 


1-00 










Mass of green leaves (M|i), 
ceniner/ha 


0.68 


0.65 


0.62 


0.88 


0.87 


0.84 


0.78 


0.62 


l.OO 








(Dry) biomass (Qd). 
ceniner/ha 


0.64 


0.51 


0.54 


0.66 


0.95 


0-81 


0.84 


0J5 


0.81 


1.00 






Area of foliage surface (Sf,), 
m^ha 


0.74 


0 68 


0.71 


0.73 


0.92 


0.81 


094 


0-36 


0.98 


0.80 


1.00 




Crop-producing power (Y), 
i/ha 


0.71 


0.75 


0.68 


0.80 


0.78 


0-86 


0,54 


0-40 


0.77 


0-73 


0.79 


1.00 



Tabte 6.2 Correlation cnalrix of agrometeorological and 
phocomeiiical characierisiic^ of winter wheat 
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Analysis of this table shows that there is quite a strong correlation between some 
parameters, especially between height and mass of heads, the height and crop- 
producing power (correlation coefficient 0.8). the crop-producing power and biomass 
(correlation coefficient 0,78). The table also presents the correlation between crop- 
producing power y and biomass. 

The following linear regression equation [Kondratiev, 1984. 1986] gives the 
relationship for winter wheat: 

y = kQ+b (6.1) 

Here, y denotes the crop-producing power in tons/ha and Q is the above-ground 
biomass in centner/ha. For different stages of growing, the parameter k ranges from 
0,1 to 0.35 and the range of b is from 0 to 14. 

The relationship between above-ground vegetation mass and crop-producing power of 
raw cotton [Ralchkulik, 1981] was found to be 

y = ^ 

h + Q 

where the constants "a" and "b'' for different regions of central Asia range from 36 
to 50 and 22 to 116, respectively. 

The height of plants h is one of the most significant parameters determining the 
structure, the form and the crop-producing power. According to [Ralchkulik, 1981] 
linear regression equations for winter wheat in the centra! regions of the Nechemozem 
zone (NZ, south of Moscow) and in the south of Ukraine (SU) become 



y»O.I5h + 9.3 for NZ 


(6.3) 


y = 0.41h -3.19 for SU 


(6.4) 



The measurement of the height and (or) biomass by remote sensing methods allows us 
to carry out calculations of the crop-producing power. 
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6.3 Electrophysical characteristics uf vegetathm 

Vegetation is a multi-component structure consisting of free water and the actual 
vegetation itself, which is a mixture of bounded water and air. That is why the 
dielectric permittivity of vegetation j£^ must be calculated as the dielectric 

permittivity of a mixture. When the permittivity of air and dry vegetation mass are 
equal and f^'is zero, the water content in vegetation is a parameter that determines the 
permittivity of a vegetation element. According to [Shutko, 1986] the dielectric 
permittivity of a vegetation element is given by 

i'v. =Pv‘'..- (6.5) 

where the dielectric permittivity of water and is the volume moisture content 
of a vegetation element. A different formula was proposed in [Ulaby. 1984] for 
leaves, viz,, 

+ (6.6) 

where and ft* = Im 6^. Data for ^ and of some vegetation elements 

arc presented in Table 6,3 [Shutko, 1986; Ulaby, pp. 714-725, 1987; Ulabv. pp. 541- 
557. 1987]. 

Knowing the complex permittivity of vegetation elements, we can calculate of 
vegetation, according to [Chuhlan/z^v, 1979] as follows: 

(6.7) 

Here, V is the relative volume of the vegetation component. u=l for blades and u=2 
for prickles. According to [Redkin, 1973], of vegetation can be evaluated using the 
theory for two-component mixtures; specifically. 

£„(l4p.)+„0-p) 

£..0-p)*p+‘< 

where u is an index characterizing the form (cylindrical to spherical), with a range 10 
< a ^ 20 and p is ^ filling coefficient, ranging from 10” to 10* 
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Vegetation 


f,GHz 


A 




c 


Branches of Indian 


2 






2.0 


poplar 


6 


0.166 




1.8 




12...22 


0.166 




1.0 


Leaves of asp 


L5...8.5 


0.60 


3.0 


9-5 






0.20 


18.0 


6-0 






0.04 


3-0 


0.2 


Leaves of grains 


2...14 


0.413 


25-..20 


7...9 




2...20 


0.137 


10...7 


3 




2.-.20 




16...10 


5 




2... 11 


0.600 


27 


6 


Stems of trains 


2... 11 


0.47 


15 


4 


Crains and grass 


15 


dry 




37.2 




15 


wet 




37.9 




3.0 


dry 




13.0 




3.0 


wet 




166 




1.5 


dry 




6.7 




1.5 


wee 




13.9 




1.0 


dry 




4-2 




1.0 


wee 




15.0 



rpble 6J Oieleclric permiuivity of vegelulion ekmenis 



Laboratory measurements and model calculations are of little use in radar remote 
sensing of vegetation. We have to rely to a large extent upon representative ground 
tests. According to [Ulaby. 1984J e' for forest is almost independent of frequency in 
the range from 0,1 to 10 GHz. Characteristic values are given as follows: 



48<f'< 


68 - for soft forest 


30<£'< 


53 - for solid forest 


37<e'< 


54 “ for soft forest 


13<e'< 


28 • for solid forest 


For frequencies between 0,6 and 




Bif'f.) 


* ^0.96 


1+///Z 



if the field E is parallel to the grains (E|j) 



if the field £ is perpendicular to the grains (£. ) 



(6.9) 
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where / denotes the frequency (GHz); j » 20 GHz / = 10 GHz inter); 

A = l5*l0’(£’,i); A = 4'I0*(£^); 5 = 0 to 80 depending on the percentage of 
water content. 

According to data over the microwave band, t* ® l.l for grains and 

£' = 2.9. 10’^ (6,10) 

it 

where m denotes moisture content. Q is the biomass (centner/ha) and h is the height 
of vegetation (m). Formula (6,10) is derived from linear regression after processing 
the experimental results. That explains the numerical value in front of the parameter 
mQ/h in this formula. 

Experimental results yield s; 0,0005 to 0.01. For instance, at f = 35 GHz. ** 
1,1 + jO.Ol and k,m = 1.015 + j0.002 [Potapov, 1992]. Measurements of the 
permittivity of grains of some crops are presented in [Radio Engineering. VINITI. 
1977] at wavelengths X = 3 and 10 cm. Dielectric characteristics of crops derived 
from calculations and measurements over the frequency range from 8.6GHz to 18GHz 
are presented in [Ulaby, 1978]. Values of the specific attenuation T (dB/m) were 
obtained after evaluation of the signal intensity reflected from a single scatterer placed 
within the vegetation. It was found that F = 12 dB/m for oats; F = 15 dB/m for 
potatt>es (F in dB/m * 54.6^Irn VF) / A. where X is the wavelength in m). 



Fw a two-component mixture, of water and dry vegetation, the following 
relationships are given in [Peake, 1959; Chuhlamzev, 1979; Finkelshxein, 1994]: 

< = l + (6.11) 

2p,h 

( 6 . 12 ) 

ip.h 



Using these two expressions, we obtain 



(6.13) 



(6.14) 
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where is the dielectric permittivity of vegetation, fc*^,is the dielectric permittivity of 
water, Q is vegetation biomass (centner/ha), h is the height of the vegetation cover VC 
(m), m denotes the weight moisture capacity and is the density of plants (g/cm*). 
For most agricultural crops, m = 0.5 -0.9, /i = 0.2-4m, Q = 20-500 centner/ha and s 
0.5-0.8g/cm^. 



6.4 Electrodynamical model of vegetation 

Most, if not all, of the recent publications [Potapuv, 1992; Ulaby. 1984; Ulaby pp. 
714-725. 1987; Ulaby. pp. 541-557, mi: Redkin, 1973; Kararn. 'mi, 1988. 1989. 
1992; Ferrazzoii. 1989; Lasinski, 1989. 1990; Chaiihan, 1989; Durden, 1989, 1990; 
Pirn, 1988; Ulaby, 1990; Ulaby. pp. 83-92, 1987; Toan, 1989; Shwerin^. 1986, 1988; 
Mo. 1987; Richardson. 1987; Chuhlanzev. pp. 256-264, 1979. 1986. 1989; Redkin. 
\911\ Redkin. 1973; Chuhlanzev, mZ\Arrnand. 1977; Chuhlanzev. pp. 2269-2278. 
1989; Lang. 1983, 1985] on electromagnetic sensing of vegetation deal with the 
analysis of radio-wave reflection from vegetation. Moreover, in these publications, the 
analyses are largely restricted to extreme cases (wavelength X » characteristic size 
of the vegetation or wavelength A « characteristic size of the vegetation). The 
vegetation is viewed as a layer consisting either of elements of a specified shape 
(disks, cylinders, ellipsoids) or of randomly distributed elements with a specified 
number of elements in a unit of volume. 

In this section we shall limit the discussion to wavelengths ranging from millimeters 
to meters. 



6.4d Homogeneous and cylindrical model 

The simplest vegetation model is a homogeneous layer with effective permittivity £, 
In this case, the reflection coefficients and from the upper and lower 
boundaries are given by [Finkelshtein, 1977, 1994] 



R. 



m ; A/ 






.-o,23r./» 



(6.15) 



Here, V, =0.3(wj£*Q/(p^h))/ *10'^ is the specific attenuation of radiowaves in 
vegetation, is the dielectric permittivity of soil, f' *= 3.2 f * 10^ 

is the moisture content of soil and p,, Q, ni and h are defined in previous 
sections of this chapter. 
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R 



The dependence of R^ and r» on frequency is shown in Fig. 6.1, for 

the parameters h^\m y W^= 10 % , 4 ^ 0 . 001 - 0.005 , where the relative volume { is 
proportional to [f(p^h). The data were taken from [Finkelshiein. 1994] and 
[Karpuhin, 1989]. 
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Fig. 6. 1 Etepcndence of the reflection coefficients on frequency. 



R. 



y R, , r 



As can be seen from Fig. 6.1, the moisture content m ranges from 0.35 to 0.85 and the 
relative volume ^ 



from 10 ^ to 5.10^ (characteristic for all agricultural crops). 



R / 

Rf, and yC are practically constant within the frequency range 10 to 

/a, 

4 • 10^ MHz. Calculations show that R^ and r vary less with soil moisture content 
(ranging from 10 to 30%) than with vegetation moisture content, (The decrease of 
and r for / > 4 \0'MHz i*^ caused by an increase in the attenuation of radio waves 
in the vegetation cover. 
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In anolher model the (vegetation) elements are simulated by means of cylinders. Such 
a model is appropriate for grain crops, trunks of trees, thorns, vertical branches of 
trees and thin grass layers. 

Referring to [Ulaby, pp. 714-725. 1987; pp. 83-92, 1987] and [Chuhlantzev, 1986], 
we now consider the case where a plane wave is incident on an infinitely long 
cylinder and the scattered wave in the (x,y) plane makes an angle with the x 

axis (see Fig. 6.2). 




The field at large distances will then be 

= (6,16) 

where p^h for horizontal and p = v for vertical polarization, ik = 27r/A^^, ^ is the 
wavelength in vacuum. Up is the amplitude of the field, U = E ox V -=H and r is 
the distance to the point of the observer. 7*^(^) is determined according to the 
following formulas: 
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7'v(V')= X (-l)’’C™e>*' 

RS'-«« 


(6.17) 


AS-« 


(6.18) 



i^) ^ funciions of ihe angle ^ = — -^. (In Fig. 6,2, ^ = 0 and for 

this case ihe funciions are calculated in [Ruck, 1970] and [Chuhlanizev, 1986]), The 
scattering cross-section c, is given by 



= 471 lim = 431 lira 









a,j =271 lira r ^'A ~ = 27T lim 

— £,„e; r^- W.H- 



(6.19) 

( 6 . 20 ) 



where the symbol * denotes complex conjugation. Eqs (6.19) and (6.20) are 
applicable to three-dimensional and two-dimensional cases, respectively. Substituting 
Eq. (6.16) into (6,20) and integrating overy, we obtain 

a, = I cr^jcfy “ I l^F (^ ) 1^ ^ 

0 ^ a 

It should be noted that the cross-section of absorption equals 




( 6 . 22 ) 



In the following we consider a number of cylinders which are distributed in a layer of 
thickness d (cf. Fig. 6.3). 
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Fig. 6.3 Distrlburion of cylinders in a layer 



The field at point P due to cylinder becomes 




(6.23) 



where is the distance between cylinder / and point P. is the amplitude of 

the field at a large distance and l/^ 

Assuming that -0.5/> S y S C.5h; » 0.5r/ . we derive the expression 



If N cylinders are randomly distributed over the area 

-0.5h<y<0.5b\ -0.5d < x<i).5(i 



(6.24) 



we find 
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^refM = 



2 

TCX^k 



nO.5 



exp J 



I ^ 



r(;r) 




(6.25) 



In case 2b 5 x© S 



;rb^ 

2A 



and ihe imegraiion bound in (6,25) has been set to infinity. 



The total field becomes 



U = U,„+U^f 




(6.26) 



If we assume that an equivalent homogenous layer with index of refraction « » 
can model a layer of cylinders and we lake into account that 
U cxp|jik(n - 1)^/}, then for W(rt-l)« [, we obtain 



U^U,„{l-^jkd{n-i)) {621) 

Comparison of Eqs (6.26) and (6,27) shows that the equivalent index of refraction 
" n ” of the layer is given by 

IN 

(6.28) 

When the incidence angle of the plane wave equals 6 . a multiplier l/sinO appears in 
front of the sums in Eqs (6.17) and (6,18). 

For determining the backscatter characteristics we refer to [Toan, 1989]. Il is shown in 
this reference lhal the backscatter coefficient can be represented in the form 

-5”=5;r+5;,+5; 



(6,29) 
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where are refleciion contributions from the boundary surface vegetation to 

land, from the vegetation layer itself and from a cross term, respectively. The 
quantities entering into Eq. (6.29) are defined as follows: 



2;rcos^, v\; 

51. = . . ' -{fi-r.r)) 






1- exp 



COS^, 



T.T 



cos^e,.|(/(-T,r))|^(i-r^) 



5,* = exp 



' -2{k,)h 

co$9. 



{.,} = ^lm(/{r,r)) 
^0 



( 6 . 30 ) 

( 6 . 31 ) 

(6.32) 

( 6 . 33 ) 



Nq s cylinder density (number of cylinders per unit area) 



h = vegetation height 

9. 8 incidence angle (with respect to normal) 

r = exp{({<r.>A)/cos0,} (6.34) 

R = (1-T) is the Fresnel reflection coefficient from the boundary surface of 
vegetation to land 

< > indicates ensemble averaging 



^/(-T,r)^ is the average value of the backscattered field amplitude 



{f[0,T))^N,lj\lp(2l,a,9,!p)f{o,T)dldade-d(p ( 6 . 35 ) 

21 = cylinder length 
a = cylinder radius 

6, <p are the angles of orientation of a cylinder in spherical coordinates 
p{2LayO,(fi') is the density distribution of the cylinders 
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/(O.r) is the reflection amplitude field from an equivalent infinite cylinder [cf. Eq. 
(6.16)J. 

6.4.2 Disk model 

Another vegetation model is represented by a set of round disks. This model is 
suitable for ihe description of radio wave reflection from foliage and from crops (corn, 
tomatoes, potatoes, etc,) 

Following [Karam, 1989; Lasinski, 1989; Lang. 1983, 1985; Ishimaru; 1981] we 
consider a plane wave as the incident field, viz, 

E,„{x) = ae^^‘ (6.36) 

where 



(6.37) 

This wave is incident in a direction T on a disk with radius r and thickness T (see Fig. 

l X z _ _ 

6.4), The wave can be polarized horizontally ( Pi = rz r) or vertically (u = Pi X i ). 

\i X z\ 

The normal n to ihe disk makes an angle 0 with the z-axis. The canting angle of the 
disk in relation to the z*axis is and ihe permittivity B of ihe disk is denoied by 




Fig. t.4 Disk model 




170 



Chapter 6 



Tht reflected field in a direction d becomes [Le Vine, 1983] 



= (6.38) 

where is the field inside a disk, I is the unit dyadic and V denotes the volume of 
the disk. If the disk radius greatly exceeds its thickness (r»T), and if the boundary 
conditions on the disk are used, it can be shown that 






^ 1 '' 

— (n ‘d)^ + a-(« a)rt 






(6-39) 



where V . Assuming that in the direction d is constant, Eq. (6.38) results into 









a- 



[fi-a)a 



h (yr) 



(6.4D) 



where 

V = Urn x(r -5)x« (6.4J) 

v«|v| (6.42) 

and i[(p) is the first-order ordinary Bessel function. By combining results for d = It 
and d=u , we obtain 

/(3j) = 7(c,7,A)-ft + 7[i5,r,v).v (6.43) 

We now consider a plane wave incident on a layer of round disks, with a layer 
thickness d. and assume that the distribution of the disks within the layer is uniform 
(cf. Fig. 6.5). The electric field vector is directed along h . 
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The average electric field includes the field scattered from the 

thickness [Lang, 1983; Brehovskih, 1957] and is expressed by 

where R is the reflection coefficient from the layer, given by 



D . D 

^ _ a, 2 •» A23g 
1 + 



where Kn and R 27 are the Fresnel reflection coefficients, given respectively by 




cosg^« -sin^ j 

COS0/ “sin^^i j 



04 



04 



layer of 
(6.44) 



(645) 



(6-46) 



and 
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^ cose,-(e,/£,-sin'0,)°'" 

^23 - , > \0 5 

cos 6.+[£^ f£^-sin-0,j 
being the soil permiliiviiy. In Eq, (6.45). 



(6-47) 



= kcofi^, + 



27^} 

kco^^ 



f 



hh 



(6.48) 



Here, p is the disk density disiribulion as function of angle 0 and radius r , 






(6.49) 






(6.50) 



Where i is the direction vector and h the unit polarization vector (see Fig. 6.5). In 
Eqs (6.46) and (6.47) it is assumed that fj where is thedielectric permittivity 
of the layer, if this is not true, then has to be substituted by ; the latter can be 
calculated from the formula of a two-component mixture [cf. Eq, (6.8)]. 

If the total volume of disks is small compared to the volume of the layer and. 
furthermore, if the albedo of individual scatterers is also small, then the backscatter 
coefficient for horizontal polarization and disk density p (number of disks per 
unit area) can be derived using the “distorted- wave Born approximation” specifically, 



where 







4lTTlfc^ 



(6.51) 



(6.52) 



(T^ = pCTjR| 






_^-8Lnk^d 



4Imh;, 



(6.53) 
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(6.54) 

The backsc alter coefficients aj,,, characterize the direct reflection of the 
incident wave, in which the reflection from the vegetation ground boundary plays a 
role as well. The coefficient is related to and the field / (for 

direction vectors t" , T* ) as follows: 

o-(.w =4 jc h(7{-r-,r-))S (6.55) 



^ (6.56) 



(6,57) 

The averaging has been carried out over the disk angle orientations and radii [see Eqs 
(6.49) and (6.50)), Similar formulas can be derived for the vertical wave polarization 
(vectors v"*, v*as shown in Fig. 6,5). 

6.4.3 Three-dimensional model 

In this model, vegetation is represented by a volume of scatterers. This model 
satisfactorily describes scattering from dense vegetation when the reflection from the 
underlying surface is not taken into account. 

We assume that there is a set of scatterers with a packing density N and average cross- 
sections for absorption a, , scattering and bi static scattering [Potapov, 1992; 
Ishimaru, 1981; Ulaby. 1988], We write 

(6-58) 

where p(D) is the particle size distribution and is the absorption cross-section 

of a particle with size £>, 

When the bi-static scattering cross-secdon is azimuthally symmetric with respect to 
scattering in the forward direction ( = 0), ’A'e can write 



Hhdr 



==47th (/ (-r‘,T‘ )+ / ))a| 
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<J.,(v) = cr.s(v) <^59) 

where is the angular scattering pattern, satisfying 

= (6-60) 

4n 

as normalization condition and 






(6.61) 



In Eqs (6.60) and (6.61), the integration is over the entire solid angle Q 

In first approximation of repeated scattering with constant coefficients of the antenna 
gain, the total received power is determined by 






{Ati) 






dV 



(6.62) 



where P, is the power of the transmitter, f is the radius vector, r, (r), Ty{r) are 
respectively the optical paths from the transmitter and receiver to an element of 
volume dV , L^.L^are respectively the distances from the transmitter and receiver to 
an element of volume dV and V denotes the volume occupied by the scatterers. 

Dividing Eq. (6.62) by the power in free space at i t., 



- P[G\G2 



Sn. 



C6.63) 



and assuming that (f it^) = may derive from the quotient P(t^)/PoT 

the coefficient of bi-static scattering 




L'/{vr) 



(6.64) 
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where /((//}is Ihe illumination function in Eq. (6.62). Taking Eq. (6.59) into account, 
we derive from the volume coefficient of scattering = NrT, 


ko(yu\ 

Po /,=/(») 


(6.65) 


For an elemental volume with a concentration of N particles, 
polar) scattering coefficient become?^: 


the bi-static (cross- 




(6.66) 


where ® element of the Muller matrix (sec Appendix B), 


From remote sensing experiments of forests in the mil lime ter- wave band [Potapov, 
1992]. it follows that 




(6.67) 




(6.68) 


and the volume scattering coefficient of is expressed by 






(6.69) 


4jt 


(6.70) 


for horizontally and vertically polarized waves, respectively. 




It was proposed in [Shwering, 1986] that for remote sensing of vegetation by 
millimeter waves the following equation for g{t^) can be used; 


«W = osf(d'}+(l--a) 


(6,71) 
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Here, /(l//*) is the Gaussian forward lobe and cc is the ratio of scattering power in the 
forward direction relative to the total power. 

Experimental evidence [Shwering. 1986; Ulaby, 1988] indicates that 



/(V) = 2 



1 + 






p, 



(6.72) 



where is half- power beam width. 



6.4.4 Model using transport theory 

In this section the field intensity is calculated using the emission transport equation. 

Following [Potapov. 1992] and [Shwering. 1986, 1988] we consider a plane wave 
incident at a planar boundary separating air from a vegetation half-space characterized 
by a set of parameters and Ay q is the width of the forward lobe of the 

scattering pattern 



^(ro)*c 



( 2 



I ^ro 



2 . 

e 



yc 






+(]-«) 



(6.73) 



where = arccos j is the angle between the vectors describing the scattering 

ij(0^,q>j)and incident directions; are the absorption and scattering 

cross-sections, respectively. 

The transport equation, governing the field intensity in vegetation, is given by 



^^ij^^cose + (<T,+(7j/{z,0) = -^JJg{yo)/(z,e')sm0y9’d«>'. for j>0 

(7 Z 47T g g 

(6.74) 



Here. 



cos y Q = ki'kf = cos 0 cos 6' + sin 0 sin cos((p - 
The boundary conditions for Eq. (6.74) are: 



(6,75) 
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2tc sin 0 

/(2.6)-tO, z 

o<e^- 

2 



(6.76) 



where Sp is (he Poinling vector and 5(^^) denotes the Dirac delta function. 

The solution of Eq. (6.74) is presented in the form [Shwering, 1986): 

/ = /^+/^=/„. + /, + /2 (6.77) 

where and are the coherent and diffused components of the field intensity, 
respectively. / is given as follows: 



= (^>0) 



2;r sind 



(6.78) 



On the other hand, the two components of the diffused intensity assume the forms 



= (z>0) 



(6,79) 






(6.80) 



The following definitions are used for the quantities appearing in Eqs (6.78)-(6.80): 



r = K+CT,)z 



(6.81) 



f'=K+(i-«K]- 

s 



(6.82) 









(6.83) 
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We know that the quantity M appearing in the summation in Eq, (6.79) is a large 
integral number and that proper values for the amplitude factor A and s arc functions 

i-oA 



As an example, values of s are presented in Table 6.4: 



A ' 


0 1 


0-25 


0.50 


0.60 ' 


0.70 


0.80 


0 85 


0.90 


0.95 


0.99 


1.00 


s 


1 (X) 


l.OI 


1.04 


I.IO 


1.21 


1.41 


J.59 


i.90 


2,64 


5.80 


«c 



Table 6 4 Dependence of ^ on A 



It should be mentioned that the expression for [ ^. is exact; however, given in Eq. 
(6.80) is an approximation. The approximation becomes more accurate when 
Ay^ « K. Expressions for are valid in asymptotic cases, but for short distances 
is calculated numerically. 

Analysis of the solution to the transport equation indicates that the coherent 
component [ is dominant at short distances and gives a precise defined direction. It 
can be considered as an extension of the incident wave in a random medium with an 
exponential attenuation due to absorption and scattering. The incoherent component 
" f 1 + /^ is formed as a result of scattering of the coherent component. It consists 
of a great number of waves propagating in different directions. 

The parameters <7^, defined earlier in this section, are determined by the 

micro- and macrostructure of vegetation. It is quite difficult to obtain accurate values 
for these parameters. Therefore, it may be more suitable to select them from 
experimental data. 

Experimental remote sensing of forests at frequencies f = 9.6; 28,8 and 57,6 GHz 
\Shwering, 1988] has shown a satisfactory agreement with theoretical calculations. 
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6.5 Determination of biometrical characteristics of vegetation from radar 
reni<»te sensing data 

A field reflected from vegeladon actually depends on the biometrical characteristics 
of vegetation. In order to derive information about these characteristics from radar 
data it is necessary to solve an inverse problem. 

Sometimes it is possible to connect the biometrical characteristics of vegetation with 
remote sensing data in a direct way. From experiments [Finkelshtein, 1994], it has 
been found that the reflection coefficient (/?^)of the air- to- vegetation boundary is 
connected with the specific moisture content of agricultural crops WQ/h (IV = 
moisture. Q = biomass, h = height ) by the formula 

R, =2.4 10’^— (6.85) 

h 

where a normal angle of incidence has been assumed. The specific attenuation 
equals 

r(dfl) = 0.02Q(c/ftfl) (6.86) 

This specific attenuation is determined by 

r = 20log-^ (6.87) 

AAo 

where A| is the amplitude of a pulse reflected from a corner reflector placed above the 
vegetation cover and is the same quantity in the absence of vegetation. 

The dependence of the vegetation height h and the biomass Q on the time difference 
Af (m ns) between the dme lag of a pulse reflected from an air- vegetation boundary 
surface and a land- vegetation boundary is given as follows: 



(6.S8) 



k[m) * 20.02A/ 
Q(c//ifl) = 60.9A; 



(6.89) 
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The measurement of pulse amplitudes reflected from an air-vegetation boundary 
surface allows us to define a degree of sparseness in vegetation. 

In the review article [Yakovlev, 1994], the following relationships are given for the 
dependence of the scattering cross-section o on the volume moisture content Mv of 
d i f f e re n t vegetati o n e n v iron ment s : 

O’ = 35.73 + 16,66 for maize 

n = 32.78 -20.78 for gathered maize and plowed land 

O' = 30,2 M , + 25.7 for orchards 



6.6 Classiflcadon of vegetation 

Observations carried out by means of airplane- or space-based radars are used for 
classification of agricultural crops. 

Methods of identification are based on the analysis of hysteresis average values and 
dispersions obtained during measurements. Methods of classification assume a period 
of training (or evaluation of histogram parameters and measurement results) first and 
after that verification using other data. The capability of identification/recognition is 
characterized by an enor matrix derived as a result of the verification process. 

As a criterion of distinction between two classes "a " and "b", it has been proposed to 
use the expression [Yakovlev. 1994]: 

where are average values and are variances in the criteria of 

recognition of classes 'a" and "b respectively. It is assumed that the recognition is 
unsatisfactory for r <0.5, the recognition is good for 0,5 < 1,0 , recognition is 
very good when 1.0<s*<1.5 and the recognition is excellent if y>I,5 The 
effectiveness of these criteria was verified on the basis of measurements canied out at 
A = 19c7n and A * 6cm with two polarizations (HV and HH), and at A = 2cift with a 
VV polarization. 

Detailed data concerning the results of classification of agricultural crops performed 
on the basis of ground, airplane and space observations on testing grounds of USA, 



(6.90) 
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Canada and European countries have been presented in the review article [Yakovlev, 
1994]. 



6.7 Conclusions and applicatkins 

This chapter deals with survey-type material on the electrodynamic characteristics of 
terrestrial surfaces with various types of vegetation covers. Primary attention is given 
to agricultural covers (wheat, rye, barley, com. sugar-beet, oats, sorghum, lucerne); 
also to grassy covers. Among the large number of biometric characteristics of 
vegetation covers, we mention the biomass of vegetation, the density of crops, the 
relative humidity content, etc. These, as well as olher, characteristics are clearly 
interconnected. It is expedient, then, to determine appropriate correlation connections. 
For example, those between the height of crops and their mass, between the biomass 
and yield amount of grain, etc. In this chapter, we have not provided detailed 
descriptions of experiments that have been carried out. nor have we included 
complicated mathematical calculations. Our purpose has been to provide references to 
the pertinent literature for the interested reader. 

The majority of specific results, taken from appropriate sources, have an approximate, 
rough character and are ba.sed on considerations involving broad limits of correction 
and normalization factors. These limits depend on the stage of maturing of an 
appropriate structure, season, moisture content in vegetation, etc. Therefore, the 
derivation of more precise relations for concrete agricultural covers is hardly possible. 

For example, the productivity of winter wheat is a linear function of the ground 
biomass, with a constant of proportionality varying in limits from 0.1 up to 0.35 (i.e.. 
more than 3 times) and with a correction factor lying in limits from 0 up to 14. A 
similar picture applies to olher agricultural covers. For cotton, the constant of 
proportionality varies from 36 up to 50 and the correction factor lies in limits from 22 
up to 116. 

Fmm the point of view of scattering of radiowaves from vegetation covers, it is 
necessary to consider an effective composite structure consisting of water, air and 
vegetation. Therefore, the permittivity of vegetation is considered as that of a mixture 
and may have a complex character. Its real and imaginary parts are indicators of the 
biological properties of vegetation. The latter may depend significantly on frequency. 
The necessity of application of multi-frequency sensing of the same object is clearly 
evident. 
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Except for sensing agricultural covers, the remote sensing of forest regions is very 
common. Of very important significance, in this case, is the polarization of the 
sensing wave, as a forest region is a rather well structured environment. Results based 
on vertical and horizontal wave polarizations may differ substantially, depending on 
the type of trees, their density, etc. 

The scattering of radiowaves from vegetation earth covers requires appropriate 
modeling. Such canonical models may involve disks, cylinders or ellipsoids randomly 
distributed within a specified region. These models depend significantly on the 
wavelength of the sensing electromagnetic wave. 

Two widely used models of vegetation are a homogeneous layer with an effective 
dielectric permittivity and a region filled with an appropriate distribution of cylinders. 
The latter can describe well the reflection of electromagnetic waves from trunks of 
trees, vertically located branches of trees, laminas of a grassy cover, etc. A third 
model involving a distribution of disks, can be used to describe the scattering of 
radiowaves from a deciduous cover, from stalks of tomatoes, potatoes, com. etc. It is 
usually assumed that the disks are uniformly distributed within the layer. 

Under certain conditions, the interaction of electromagnetic wave with a vegetation 
layer can be modeled as volumetric scattering, especially if the vegetation is dense 
and reflections of radiowaves from the underlying surface can be disregarded. 

The main application of results discussed in this chapter is in the possibility for 
determining biometric characteristics of various types of vegetation covers (within the 
framework, of accepted models) by means of remote measurements. For example, the 
reflection coefficient of radiowaves is directly proportional to the humidity content in 
agricultural crops and the biomass volume and is inversely proportional to the height 
of the vegetation. The derivation of the biometric characteristic properties of 
vegetation layers (at least some of them) from the analysis of reflected and scattered 
electromagnetic waves is the solution of an inverse problem. 

Parameters, such as the moisture content in vegetation and the volume of biomass, 
allow to predict the crop. The determination of the height of crops allows to determine 
the degree of their maturity and to give a reasonable prognosis for the yield and an 
appropriate time for collecting the crop. Any modification of the aforementioned 
parameters corresponds to respective alterations of the effective surface dielectric 
permittivity, which, in turn, modifies the characteristics of the reflected radiowaves 
for different kinds of polarization and different frequencies of sensing. 
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Electrodynamic and Physical Characteristics of the Earth's Surfaces 



7.1 Introduction 

In ihis chapter, the interrelations between eleclrodynamic and physical characteristics 
of earth surfaces are considered. The electrodynamics characteristics are measured by 
the permittivity that reflects the polarizability of the medium under the perturbation of 
an external electromagnetic field. The physical characteristics are measured by the 
thermodynamic (e,g., temperature, pressure) or chemical parameters (e,g„ moisture, 
salinity) of the medium. The electrodynamic characteristics depend on the frequency 
of the external electromagnetic field, the natural frequencies of the medium, as well as 
the physical properties indicated above. Since the reflectivity properties of the 
medium depend on its eleclrodynamic properties (permittivity), we see how important 
it is to derive the electrodynamic properties from the physical characteristics of the 
medium. 

Earlier in the monograph, we discussed the main problems of classification and 
identification of radar objects using remote sensing. The necessity was shown for 
having a certain set of attributes of the sensed objects in order to derive (with the 
required degree of accuracy) the desired solutions. It is possible to derive such a set of 
attributes only if the information on characteristics of radio waves reflected from the 
surface is available. That is why the interrelation between eleclrodynamic and 
physical characteristics of the sensed objects are considered in this chapter. It is 
evident that these physical characteristics of the radar sensed objects form precisely 
the aforementioned set of object attributes that allow us to solve the problems of 
classification and identification. 

These investigations lay the foundation for further approaches to solving inverse 
problems. Specifically, we can consider the interrelation between empirical 
characteristics of surfaces and characteristics determining the radar polarization 
status. This means that we can derive relations that indirectly connect the physical 
characteristics of the radar-sensed objects and the polarization characteristics of the 
received radio waves, i.e., those characteristics that are directly determined by the 
radar. In other words, the data received by the radar may be reprocessed into the set of 
attributes of the radar- sensed object for solving the problems of classification and 
identification. 
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This chapter contains ihe analysis of the interrelation between eleclrodynamic and 
electrophysical characteristics of layered media. Specifically, the functional and 
empirical relationships between the complex dielectric permittivity of various earth 
covers, such as water, ice, snow, ground, vegetation and their humidity, density, 
salinity, temperature and other physical characteristics are established. A significant 
amount of work has been carried out in this field. The authors have analyzed the 
available literature and drawn a number of conclusions that are presented here. 



7.2 Complex permittivity 

The electrical properties of a non -magnetic medium are determined by its complex 
dielectric permittivity £ 2 - ie " , which may be represented in the form 



£ s£'(| -jtan<5). 






(7.1) 



in terms of the effective conductivity The complex index of refraction n is often 
used: 



n = 4e (7.2) 

The magnitude of its real part determines the phase speed v of the electromagnetic 
wave propagation in the medium, viz.. 



c 

Re>/? 



(7-3) 



The magnitude of its imaginary part determines the electromagnetic wave attenuation 
P; specifically. 



V{dBfm) 



54.6 

A 



ImVe = 0 . 1 82 Im ./e • / {MHz) 



(7.4) 



It follows from Eq. (7.1) that 
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Im-Je =^y>/7l + tan^5 -1 




Re>/F = J— Vvl+tan^5 +1 



(7.5) 



In particular, if tan 5 « 1, then 

tan^5 



Re*s/7 



1 + 



8 



2 

r(<f5/m)«9-l-IO‘W‘/(Wf/r) tan5 



(7.6) 



7.3 Dielectric and physical parameters 

The complex dielectric permittivity (DP) depends on many parameters, such as 
frequency, temperature, moisture, salinity, density, porosity, etc. To derive the DP 
dependence upon only one parameter is very difficult (especially under full-scale 
conditions). 

In this section, attention is paid to the dependence of the permittivity on the physical 
parameters of a substance for centimeter waves; specifically, wavelengths of 1.8 cm 
and 3,2 cm are used. However, results for other values of wavelengths in the SHF 
band are also presented, primarily because the main relationships differ slightly with a 
change in wavelength in the SHF band; at least they do not differ qualitatively and 
they change little quantitatively. 

7.3 A Dielectric permittivity and moisture 

In the radio-frequency band, the permittivity of dry rocks is much smaller than the 
permittivity of water. The permittivity dependence upon moisture (in volumetric 
percentages or in volumetric part), frequency / and temperature (/ in T in K) can be 
derived with the use of Debye's formulas [Wang. 1980]: 




1S6 



Chapter 7 



21n^o ^ + 



£ = 



g.-g- 



Inlo 



tan 



(1-4)wt^ 



= 60Acr 






c,*lime; e_=l]mE; ^m=T—r'- ‘?o=exp -— 

ci>-^o ft>— a/T I. Ki 



= e-^ 



(7.7) 



where the term 60A(T^^ is equal to [cf. Eq. (7.1)] 

(7,7a) 

Furthermore, is relaxation time, is relaxation frequency and ^^is a parameter 
dependent on the temperature 7" (in Kelvin), the activation energy band Acf and the 
Boltzmann’s constant k. 

[Ulaby et al. 1987] point out that the dependence of the reflection coefficient \R\ on 
the moisture for soil containing 49% clay, 16% sand and 35% silt is practically 
linear within the frequency band / = 2.75 -7.25C//’. 

For frozen rocks, the complex dielectric permittivity depends on moisture and 
temperature. This phenomenon takes place due to the fact that the complex dielectric 
permittivity decreases when passing through the ice freezing point T “271.54 K . 

The e' dependence upon moisture for frozen sand shows a maximum when the 
relative humidity W, defined by the ratio between the vapour pressure and the 
saturated vapour pressure, is about 13% (see Fig, 7.1 for / = lOGHz and sand-grain 
sizes between 0.3mm and 0,5mm) [Ilijn, 1993, 1994, 1995]. The authors explained 
this behaviour in the following way. Ice formed from bounded water has feno-electric 
properties. This results in an increase of s' and, as a consequence, in the occunence 
of peaks in the e'(lV)relationship. 

\Vasiliev. 1995] has proved that the temperature and moisture of frozen rocks are 
connected by /*- TJj s ~ ^o)' ^ depends on the physical characteristics 

of soil (density, specific heat capacity, etc,). 
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10 II 12 13 14 15 



Rg. 7. 1 E' uf frozen sard furY;(ion of relative humidity in % 
(l)T=273.i4 K;<2)T=270.14 K; |3)T=264 14 K.; (4}T=259.14K 



Peat consists of water, gas (in volumetric sease not more than 5%) and dry material. 
It can be shown that the dielectric permittivity e' of peal depends on moisture 
according a linear relationship [riwn, 1982, 1983], 

The calculated results arc shown in Fig, 7.2, Such a simple relationship allows us to 
determine peat reserves with the use of radar remote sensing. 




55 60 65 70 75 SO 



Fig. 7,2 b' of pefli as a funtiion of relative humidny W m cm' /cm' 
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The dielectric permittivity of vegetation cover also depends on moisture. The 
relationship can be given in the following form [Finkelshtein, 1994]: 



=1 + 



Ihp, 



10 



-5 



10 



-5 



(7.8) 



Here, lue respectively the dielectric permittivities of vegetation and water, 

W is the vegetation moisture (weight of volumetric part, cmVcm*'), is the 
vegetation density h is the vegetation height (m) and Q denotes the 

vegetation biomass (c/ha, c = lOOATg). 

For most agricultural crops, W =0.5-0. 9; h =0.2w-0,4w; Q = 20-50 c/ha\ 
=0.5-0 8 Eq. (7.8) can sometimes be simplified in the SHF band: 

£>|,1; c*=2.9-.^-10‘ IFtnkelshlein. 1994], 
h 

A linear dielectric permittivity dependence on moisture has been pointed out by 
[Dobson. 1986] and [Ulaby, 1987] in the frequency range / = 1-18G^C. 

The complex dielectric permittivity of trees depends on moisture as given by 
[Yakovlev. 1994]: 



e' *5 + 5(5l.56W-0.5)(l + 0.185VV)^ | 
£; = 0.185(51,561V-0.5)(1 + 0.18W)^J 



(7.9) 



Although the linear dependence of permittivity on moisture can describe different 
media. e,g,, peat and trees, the media can be distinguished by radar remote sensing 
from the slope of the line that is previously calibrated for different values of 
temperature. 



7.3.2 Dielectric permittivity and medium density 

In the ca.se of surface remote sensing, the medium density profile is of interest. 
However, if the medium depth is large (glaciers, very dry rocks, planetary surfaces), 
density variations with depth may have a substantial effect on the complex dielectric 
permittivity. Design formulas have been proposed for densities in the range 
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p^0^2 gfcm' . In this case, the dependence of the real part of the permittivity and 
the loss tangent on density is given as 



£' = (l + ap)' 
tan^ = bp 



(7-10) 



where a and b are constants. These formulas have been used by [Basharinov, 1989] 
for a two-component mixture (air and solid materials). The relationship between the 
parameters a and h for some materials (in particular, for quartz, sand with a = 0.41 
[Schmulevitch. 1971; Basharinov. 1989]) is given by 



+ (I + (7.II) 

where s' and f ' are the permittivities for soil and water, respectively, is the soil 
density ( g I crn^ )and W is the weight of the volumetric part of water in soil. 

As an example we give the relationship between the dielectric permittivity of moon 
soil ^/ > 10^ f/z) and the density p ^g/cm^)[Olhoeft, 1975]: 



e' = (l.93±O.I7p)'’ (7.12) 

A similar relationship was derived by [Hanna, 1982], Thirty-two samples of talc, 
barite and dolomite were investigated at / = \0GHz, For 28 samples of clay and 
kaolin, the coefficient 1.93 in Eq, (7.12) should be replaced by the coefficient 2,13. 
According to the authors* opinion, this is connected with the non-negligible 
contribution of FezO, TiO^. A relationship of the form (7.12) is also valid for 

rocks e.g, gabbro (a granular igneous rock), silicates, etc, [Olhoeft. 1975]. 

Glaciers (especially Antarctic glaciers) and snow are media for which effect of 
density on permittivity is substantial. The permittivity of glaciers strongly depends on 
the density due to the high pressures. This is shown in Fig. 7.3 [Bogorodsky. 1975] in 
the absence of moisture. 
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0.1 0.3 0.5 0.7 p g/cm^ 

Fig. 7. 3 ^ ^ of g lacier a function of dcnsi ly pig/ cm^ ), 



The permittivity dependence on density indicates in Fig. 7.3 anon-linear (quadratic) 
relationship. 

The dielectric permittivity of snow depends also on density. This is due to snow 
consolidation with age. The formulas for the permittivity of dry snow are given as 
follows [Tiuri, 1984]: 



£' = l + 1.17p + 0.7p^ 1 
e' = 0,52f;p(l + I.19p)[ 



(7 13) 



Measurements have been carried out at frequencies of 5.6 GHz and 12.6 GHz. The p ' 
measurements were done at T* 253.14 K (-20®C) and rfstS* IU“* ((marine ice at 

T = 253.14 K (-20°C))]. The a' dependence with temperature and age has not been 
reported. The loss tangent relationship is approximated by 



tan5=0.83l0^-p 



UU9p 



l + 1.7p+0.7p^ 
with the temperature T expressed in 



/ 



0 036r 



(7.14) 



The permittivity of wet snow depends on snow density and moisture. For/ = 5(X) to 
1000 MHz it was found that [Tiuri, 1984] 
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e' = l-hl.7p+0.7pS8.7W' + 70W’' 
£' = 0-9yw(l + 8.3w)l0'’ 



(7.15) 



The monographic chart shown in Fig. 7.4 is based on Eq. (7.15). It interconnects W 
(humidity), p (density) and £ (dielectric permittivity) for / = 1 GHz. 




Fig' 7.4 Dielectric permitlivity tor wet snow: humidity (ctn jctH ). density ) 



The following formulas can be used for other frequencies: 



e: =4.9 + 



82-8 



l + (///o)‘ 

.. 82.8(///o) 

. V 7 

l+(///o) 



£' = 0.1w(l + 8W^)f' 
f' = e; +0.1W + 



(7.16) 
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Here, and are respectively the real and the imaginary parts of the water 
complex dielectric permittivity, = 8,84 GHi and p, » p + W ; ,p being the 
densities of wet and dry snow, respectively. 

The chart shown in Fig. 7.4 allows us to determine the permittivity of snow for known 
W and p . The same monographic chart allows determining magnitudes of W and p 
according to the known permittivity of snow. Numerical comparison of the results 
derived from formulas (7.15) (respectively. (7.14)) and the results derived from 
formulas (7.16) show that going from a frequency of 1 GHz to higher frequencies (up 
to 10 GHz) the result in practice does not cause considerable changes. 

7J.3 Dielectric permittivity and salinivy 

Unlike other media, the dielectric permittivity of water and sea ice substantially 
depend on salinity. The connection between salinity s(g/l) and conductivity o(mS/cm) 
is determined by [Williams. 1986] 

i = 0.4665O-''*’* (7.17) 



This relationship was derived from 109 samples of salt lakes in Australia. However. 
Eq. (7.17) cannot be used when s <3{g/ 1) and s>10(g/l). The dielectric 
permittivity dependence upon chloride concentration may be represented by a linear 
function for sea water and for a NaCl solution (see Figs 7.5 and 7.6). 




Fig. 7.5 s’ of marine water (1) and a water- NaCI mixture (2) as function of 
concentration of chlorides 5, (%> ai T * 24.5®C 
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funciion of corKemraiior of chlorides Sj(%) ai T - 24-5^C 



I^e dielectric permittivity of sea ice depends on salinity; also, on the fact that the sea 
water dielectric permittivity depends on salinity. The dielectric permittivity and the 
conductivity of sea ice as functions of salinity s(%r) (g/KKX)g)at / = 3 MHz are 
shown in Figs. 7.7 and 7.8 [Wentworth, 1964]. 
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(7 




0 2 4 6 8 10 12 14 16 18 20 22 24 26 S 



Fig. 7,9 Dep^ence of conductjvjiy o (mS/m) of marine ice on salinity s{%») 
nr«-30*C 2)T = -20*C 3>7-‘10*C 



The tan <5 (loss tangent) dependence on concentration of free ions (pH) is shown 
in Fig. 7.9 1984] and can be approximated by 
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tan * tan 8^^ + Ae ; A = 6.37 

where the loss tangent of dry snow under normal conditions and 

pH 




6 5 4 3 pH 



Fig 7 9 The loss tangent ofdry snow as a function of pH for 2 GHz 



(7.18) 



a.lSa) 



The effect of salinity on the dielectric permittivity of sand ai / = 20 GHz is analyzed 
in [llijn, 1994]. Distilled water and different concentrations of NaCl (salting 
concentrations) were used for humidification of the samples. The dependence of the 
dielectric permittivity on humidity and temperature is shown in Fig. 7.10 [llijn, 1994]. 
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Fig. 7.10 e of as c funcfton of humidity W(%), difforent salinilies and temperalures at fs20O>l2 

l)s^:0% 2)s=1.33% 3)s=4.5% A)Ts5®C B)T = .S®C C)T = -I0*C D)T = -I8^C 



decreases when salinity increases independently of the temperature. The lower the 
temperature, the greater the decrease in the complex dielectric permittivity. The 
curves shown reach a maximum which is reached for humidity W *10%. 

It has been observed \Olhoeft, 1975] that there exists a dependence of the complex 
dielectric permittivity upon the chemical composition of rocks. In [Shuji, 1992] the 
complex dielectric permittivity measurements were carried out for ice with acid 
impurities (//C/, HNOu the frequency / =9,7 GHz- It appeared that £' 

and s'* are connected with the acid concentration by a linear relationship. The higher 
the acid concentration, the higher and g" . 

73A Dielectric permittivity and temperature 

The dielectric permittivity at the surface of most media depends slightly on 
temperature, except for water, ice, snow and frozen soils. Fresh water is a dipole-type 
dielectric and its dielectric permittivity can be calculated according Debye’s formula 
[Hallikainen, 1977], viz.. 
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e 






I -him 



(7.19) 



where s'^= lim e' »»5; e. = lime' and t is the relaxation time. 

Of aJ-^0 

The dependence of e' on temperature (within the range -8®C to +50®C) is given by 
[Malmherg, 1956]: 

e; = 87.74 -0.4008 T +9.398- 10'‘ rS 1 ,4!0- lO'" r’ (7.20) 

(Sub-zero temperatures correspond to supercooled water). 

The dependence of t on temperature is shown in Fig. 7.14 [Hallikainen, 1977]. The 
dependence of the complex permittivity of fresh water on temperature can be plotted 
from Eqs (7.19) and (7.20) and using Fig. 7,11. Examples of such relationships are 
given in [Hallikainen, 1977] for/= 4.7 GHz and 10 GHz- 




Salts increase the dielectric loss in water due to an increase of free charge carriers. For 
such materials, Eq. (7.19) is transformed into 



, Sl-C . O 

1 

l + iWT, Ef/i) 



(7.21) 
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where c and T| are the vacuum permiltivity, sea water conductivity and sea 
water relaxation time, respectively. 

The proportion of liquid in ice decreases with decreasing temperatures. This results in 
a decrease of the dielectric permittivity. Complicated relationships between the 
permittivity and temperature take place for sea ice. This is due to the fact that parts of 
salts precipitate. This results in a change in salinity within the chemical composition. 

The permittivity of fresh water ice for / > 1 MHz hardly depends on temperature 
3.1884 + 0.00091 r for / = 2-10 GHz) [Matzler, 1987], Furthermore, for 
) > \{f Hz. and tanfi do not depend on frequency. 



7.4 Interrelations between dielectric and physical characteristics 

Our aim in this section is to discuss quantitatively the dependence of the electric 
permittivity on physical characteristics, such as frequency, temperature, moisture, 
salinity, etc. The discussion is carried out for different media, 

7.4.1 Water 

For fresh water, the dependence of permittivity on frequency and temperature is 
described in Etjs (7.19) and (7.20). 

For sea water, the dependence of permittivity on frequency and temperature is 
described in Eqs (7.20) and (7.21). It should be noted that the relaxation time for sea 
water depends on temperature and salinity. In this case. Eq. (7.21) can be rephiced by 
[Siogryn, 1971] 

E = a(s)£{T) [7.22) 

where fl(s) is a coefficient that takes the salinity into account. 

The relationship between the sea water relaxation time T^ and salinity becomes 

( 7 - 23 ) 



where T is the fresh water relaxation time and ^/v( s) depends on salinity. 
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Typical relationships of and Tj as functions of the percentage of sailing 
concentration s are shown in Fig. 7.11 [Lane. 1953]. and f' are the dielectric 
permittivities of sea (marine) and fresh water, respectively. 





Fig.7.12 and tj /r of NaCUoluilonasa funciionofsaliniiy s(%) 

for different temperatures 

UT«rf*C-40^t 2)T»30*C 3)Ts2CPC;4 T = 0”C 



Approximations of the relationships shown in Fig. 7.12 yield 
o(i) = L255’" 

where 

jV = s-(l.707 10’'+L205-10'’-s+4.058-10-"-i') 



(7.23a) 



(7.24) 



and the salinity s is given in %^ 
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In this way, the dependence of the sea water dielectric permittivity upon frequency, 
temperature and salinity can be determined from Eqs (7.21) to (7.24). 

7A.2 Ice 

Sea ice has a complicated structure. It consists of fresh water ice crystals, a solution of 
frozen and non-frozen cells, supercooled water, air bubbles and other impurities. Sea 
water contains various salts. The freezing temperatures of the constituent mixtures are 
different. Therefore, the chemical composition varies with temperature. 

The following four different models of the sea water permittivity are based on the 
work of [7ay/nr, 1965]: 

Model 1 

Electric field E is parallel to the principal axis of impurities: 
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/ \ * 




1 

1 


1 



(7.25) 



Model 2 

Electric field E is perpendicular to the principal axis of impurities: 
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Model 3 

Random orientation of impurities: 
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(7.26) 



(7.27) 



Model 4 



Impurities have a spherical form: 




202 



Chapter 7 



In ihese expressions, e^,, and are the dielectric permittivities of sea ice, 
fresh water ice and chemical composition, respectively. is the ratio of the 
composition volume to the total volume of sea ice. Its magnitude has been calculated 
by I960] and [Frankestein, 1965]; 






+ 1.189 , if -22.9‘‘C<7’<-8.2*C 



' 43.795 
T 

SI +0.930 j, if -8.2‘'C<T<-2.6‘’C 

-2.28o\ if -2.6“C<r<-0.5“C 
, if -0.5'’C<r<-0.l'’C 



T 

^ 52.560 



1.003 48.684 
SI — : +4.092 



(7.29) 



A plot of V'j, as a function of temperature fordifferent salinities is shown in Fig. 7.13, 
which is ba.sed on the work by [HalUkainen, 1977], 




Fig 7.B as a funciion of tempera cure ( } and different salinities. 

s^0.5)i;5. 5 * 0.25 



Calculations of the dielectric permittivity of sea ice are carried out in [HalUkainen, 
1977]. The results are in a good agreement with experiment [Vant, 1978; HalUkainen, 
\911\ Hoehtra. 1971]. 
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The dielectric permilliviiy of sea ice depends on temperature in a complicated way. 
This is due to the fact that the freezing of different components of sea water takes 
place at different temperatures. The phase diagram of seu ice (s = l%c) is shown in 
Fig. 7.14 I960], where r is the weight ratio of salts in the composition. 

r 

1000 
lOO 
10 
j 

0 1 
001 

0 10 -M -30 -40 -50 -60 T(®C) 




Fig. 7.14 Phase diagram r(g/Kg) of marine jcc sample fors ■ \%o. A. Icc. D, Sail; C. Brine 
l.CaCOj; 2. Na 2 S 04 ► lOHjO; 3. MgClz • 6H20;4, NaCl • 2 H 2 O; 5. MgO> 

6. MgCJi* 2 H 2 O; 7. KC); 8. HjO; 9. CF; 10. Na*; i 1. SO * Mg** - 1 - Ca** + K * 



The relations in Fig. 7.14 are well approximated by [Siogryn, 1971; Frankestein, 
1965] 

r=508.18 + 14.535r + 0.2018r- if -43.2V < T < -36.8“C (7.30) 

r = 242.94 + 1 ,52997 + 0.04297^ if -36.8"C < 7 S -22.9"C (7.3 1 ) 

r = 57.041-9, 9297 - 0,162047' -0.0023967’ if -22.9“C < 7 < -8.2V (7.32) 
r = [.725-18.7567 - 0-39647-’ if -8.2V<7<-2.0"C (7.33) 
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7.43 Snow 

I^e permillivity of dry ice can be determined by using equations for a two-component 
mixture. The mixture consists of ice particles (impurities) and air (the main medium). 
The Maxwell-Garnet formula [Bojarsky, 1991], leading to the permittivity 






e_ =e 



e,«_+2e 



l-jj J .. 

e...+2e 



(7.34) 



shows a gtxxl agreement with the experiment. Here, is the dielectric permittivity 
of a mixture, s is the complex dielectric permittivity of the main medium, is the 
permittivity of the impurities of the volume part taken by the impurities. 

For snow s 1^ = s. , (7.34) takes on the following form: 



e. «1 






(£^+2)-ai(£,-1) 



(7.35) 



Where is the permittivity of fresh water. The parameter f4 is determined by the 
densities of snow, and ice »9.I7 ;spccifically, 




(7-36) 



The permittivity of snow can then be calculated from Eqs (7.19), (7,35) and (7.36). 



Another expression for the permittivity of snow was proposed by [Wobxhaii, 1977] 
and IBoJarsky. 1991]: 



e. = 



2e +e. 



2e,+^,.-v(e,+2)^A'' 

. 



(7.37) 



where is the permittivity of ice. Here, the parameter v depends on snow density 
and on parameters characterizing the ice grains. This formula is in a good agreement 
with experiments carried out for frequencies up to 20 GNz- 
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The permittivity of sea snow can be determined by using Eqs (7,16) and (7.19) 
[Hallikainen, 1986]. The result is in a good agreement with experiments canied out 
for frequencies 3 to 37 GHz~ 

The permittivity of snow can also be determined with the use of equations for a three- 
component mixture (water, air. ice). Comparison of calculated results with 
experiments does not show a satisfactory agreement so far [Sihlova, 1988]. 

7.4.4 Soil 

The permittivity of soil can be determined with the use of Eq. (7.7) including the 
dependence upon temperature, moisture and salinity. 

The permittivity of soil can be written as [Dmitriev. 1990; Hanoi, 1961; Sherman, 
1968] 




1-0 



(7.38) 



where and £ are respectively the permittivities of the mixture, the dispersed 

phase and the substance in which the dispersed phase is distributed; <p is the volume 
part of the dispersed phase. The parameters £ and O are considered to be 
known. 



The equations for the permittivity of the mixture can be derived from the expressions 









c: e' xjz-x^) 



(7,39) 



(7.40) 



where 




206 



Chapter 7 




(7,41) 



Dielectric pcrmitlivily calculations have been carried oul for soil with the parameters 
e;*3.5; e;*0; (y„^^'^0m-50rnS [Dmitriev. 1990]. 



Wet soil can be considered as a mixture. This mixture consists of an air medium and 
quartz impurities covered with a film. In this case, we can use Eq. (7,37). In this 
formula, the following parameters should be replaced: permittivity of snow by 
permittivity of soil (e^ ^6^); permittivity of ice by permittivity of a water-quartz 

mixture(e, ^£^).Thc mixture complex dielectric permittivity is calculated with the 
use of the formulas for a two-phase medium [Sihlova, 1988; Tinga. 1973; Taylor. 
1965]. 



Frozen soil can also be considered as a mixture. This mixture consists of air medium 
and of spherical particles of quartz. The air medium contains also spherical particles 
of ice. Quartz particles are covered with a water film. The film thickness decreases 
with decreasing soil temperature [Hallikainen, 1977], The permittivity of soil can be 
calculated from 



where f, + are 



(7.42) 



parameters dependent on the 



density and moisture of the soil and its components [Bojarsky, 1995]. 



The dependence of permittivity upon frequency is taken into account in the formula 
for the permittivity of the mixture. The permittivities in Eq. (7.42) are considered to 
be independent of frequency [Bojarsky, 1995], 

A method for calculating earth and soil permittivities in the microwave range is 
shown in [Podkovkov, 1990), That method takes the effect of moisture and soil 
salinity into account. The dependence of permittivity up^m frequency can be 
calculated with the use of the expression 
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l + (/cir)''“ 



(7-43) 



where = llmf; r is relaxation lime and cr is a distribution 

parameter. 

For frozen clay. Eq. (7,43) is reduced to the Debye’s formula with 0 = 0 and is in 
good agreement with experimental data. 

7 A. 5 Vegetation 

The permittivity of vegetation, .can be calculated by using the equations for a two- 
component mixture i.e. cellulose (chief part of the cell walls of plants) and air: 

^ (l^gp)e,,+(l-p)g 

‘ e,,(l-p) + ,f + p 




Here, is the permittivity of the vegetation part (excluding air), q is the shape 
index and p the coefficient of filling. 

The shape index and coefficient of filling (for most plants) have the following ranges: 
10 < ^ < 20 , p ‘s 10 ^ ~ 10 ’^ .The complex dielectric permittivity is calculated by 

C„=3 + (£:.-3)-M'.'+i£:w;' (7.45) 

where and is the volume moisture content. 

Values for vegetation elements are given in [Ulaby. 1987] and [Shuiko. 1986].The 
permittivity of trees (spruces) can be calculated by the formula for a three-component 
mixture (cellulose, air, water) [Tinga, 1973]. The calculation results arc shown in Fig. 
7.15. As an example, we mention that W = 0.3 correspond.s to 10% of the tree 
volume. 



The calculation has been carried out for / = 2450 MHz, T = 20 and a relative 
water density equal to 0.4, The permittivity of water was reported in [Windle J.J., 
1954] for 3 GHz and equals f =77.2 -i 13.1 . (We note that though the calculation 
has been carried out for / = 2450 MHz. it is valid for frequencies up to 10(X)0 MHz .) 
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Similar relations as shown in Fig. 7,15 have been derived for leaves of grains [Ulaby, 
1987]. 




005 C.IO 015 aw 025 W 

Pig. 7.15 Dielectric permitii vity of trees (spurces) as a function of rnoisturecunteni W 
f s 2450 MHz. T = = expcrimem, 

! ) theory (thin con-focal ellipsoidal small water drops and ellipsoidal air holes); 

2) expericitenc and 2) theory (spherical irvlusions of water and ellipsoidal air holes) 



7.5 Conclusions and applications 

In this chapter, we have discussed the relations between elecirodynamic and 
electrophysical characteristics of layered media. The electrodynamic characteristics 
are determined by the conditions of scattering of sensing radar signals. However, we 
know that the electrical and physical properties are those associated with the medium 
as a physical object. The number of elcctrodynamic characteristic properties available 
may be limited (e.g,. they may include the scattering cross-section of an object, 
reflection coefficients, the scattering matrix elements, etc,), while the number of 
electrical and physical characteristic properties may be very large and, furthermore, 
dependent on the type of a sensed surface. Therefore, in practice, a certain set of the 
main physical and chemical characteristics is to be chosen for each surface and then 
this set is to be processed. For bare soil, for example, these characteristics arc 
humidity, density, salinity, etc., and for sea ice the salinity, content of liquid phase, 
elasticity, etc. 
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Taking into account that the electrical properties of a non-magnetic medium are 
determined first of all by its complex permittivity, primary attention is paid to the 
relationship of this quantity to the physical characteristics of this medium. 
Electromagnetic characteristics of a sensed object are also determined to a great 
extent by the permittivity of this object. 

As was shown, in some cases the problem of determination of the aforementioned 
relations was solved sufficiently easily and was confirmed by experimental 
investigations. For example, the radio wave reflection coefficient depends linearly on 
the soil humidity within the frequency range f = 2.75—7.25 GHz. A similar linear 
relation is observed between the real part of the permittivity and the humidity of peat. 
However, simple relations are rather particularities than a general rule. The same 
relation for frozen sand is very complicated in character and, furthermore, it depends 
on the frost penetration temperature. In a general case, it is impossible to derive 
analytic dependencies between the permittivity of the surface and its moisture content. 
As a consequence, empirical relations are used for vegetation covers, agricultural 
crops, trees and other objects. But any empirical relation is determined to a great 
extent by particular conditions of measurements. This makes its application difficult 
and allows us to use such relations only for “order of magnitude" approximations. 

Similar electrical dependencies are used for the determination of the relation between 
the permittivity and the medium density, especially if the medium density changes 
with depth. This relates to solid media, such as mountains, rocks, glaciers and also to 
snow. Our investigations show that, for snow, this dependence is determined also by 
the impact of the temperature and by the age of deposited dry snow. For wet snow, the 
permittivity is determined both by the snow density and its moisture content. 

For the investigation of the properties of sea water and sea ice. salinity plays an 
important role. In some ca.ses, a linear relation between the permittivity and the 
surface salinity may be observed. But in most cases, this relation is much more 
complicated and usually is empirical in character. Furthermore, for sea ice, this 
relation to a great extent depends on temperature. 

The permittivity of most surfaces depends weakly on temperature, except for water, 
ice. snow and frozen soils. For fresh water, the permittivity depends on frequency and 
temperature; for sea water, it depends, in addition, on salinity. All these relations are 
generally empirical. 

Sea ice is a complicated medium composed of inclusions that are different in their 
structure. Therefore, its properties are to a great extent determined by temperature. 
There are four models of sea ice, dictated by the orientation of its inclusions relative 
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10 the direction of the incident electric field vector, i.e., parallel oricniation. 
perpendicular orientation, random orientation and orientation in the form of spheres. 
For each model, there are available analytic dependencies of sea ice permittivity on 
the volumes of the inclusions, which, in turn, are determined by temperature. In 
general, dependence of sea ice permittivity on temperature is very complicated in 
character. 

Snow permittivity may be determined by means of application of the equations for a 
two-component mixture consisting of ice particles and air. These equations include 
the permittivities of the mixture components and parameters depending on the snow 
density and the structure of ice particles. Application of these equations show a good 
agreement with experiment. However, consideration of snow as a three-component 
mixture and derivation of the respective equations d{>es not result in such an 
agreement. 

Wet soil may be considered as a two-component mixture with the use of the above- 
mentioned equations. For soil covered with vegetation, an analytic determination of 
the permittivity may be established using the equations describing a two-component 
mixture consisting of cellulose and air. But these equations include coefficients that 
may be determined only empirically. In addition, the permittivity depends on the 
moisture content in vegetation; this dependence is close to a linear one, as was 
mentioned above. 

Thus, summarizing the results in this chapter, we may state that the determination of 
relations between physical, chemical, mechanical and other properties of sensed 
objects is based first of all on experimental results and that their dependencies are 
expressed in the form of empirical relations. If, in a number of cases, it is possible to 
derive analytic expressions for the aforementioned relations, then nearly in all these 
cases these analytic expressions include coefficients that can only be determined 
empirically. 
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Reflection of Electromagnetic Waves from Non-Uniform Layered 

Structures 



8.1 Introduction 

Reflection of electromagnetic waves from layered structures under different 
polarization conditions is studied. The main medium electrodynamic characteristic 
property taken into account is the electric permittivity. The analysis is performed 
using cither a deterministic or a probabilistic (stochastic) approach. Various 
permittivity profiles are chosen: linear, exponential and polynomial. In the case that 
the permittivity has a random fluctuating part, a stochastic approach leading to an 
integral equation is used to determine the ensemble-averaged reflection coefficient 
and the average power. 



8.2 Determinbitic approach 

5.2./ Multi-layered structure with an exponential permittivity profile 



« Arbitrary angle of incidence 

Scattering of a plane electromagnetic wave from a medium with two dielectric layers 
(media II and III in Fig. 8.1) is studied here for various relative pcrmittiviiy profiles. 




« const 

II ^ 
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Fig. 8 I 4-I,ayef Mruciurc 
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Medium II is homogeneous (its dielectric permittivity is constant and equal to t,). In 
medium III the permittivity changes exponentially according to 



= ( 8 . 1 ) 

At the top border of the homogeneous layer s f,and at the bottom border, » ^ 4 . 
Above layer II there is free space (medium 1) with *land beneath layer III a 
homogeneous dielectric (medium IV) with e = is located. (The origin of the z 

coordinate is on the border between media II and III). Ibe change in the relative 
permittivity with depth is shown in Fig. 8.2. 




Fig. g.2 Kclativc permittivity profile 



The parameters N and a. included in Eq, (8.1). satisfy the relations 




The reflection coefficient of a plane electromagnetic wave incident from medium I at 
an angle (3 will be determined later on. 
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Within the limits of this model various types of grounds (permeated with moisture or 
covered by vegetation), sea surfaces (fresh and/or covered with continental ice) and 
also clouds (with drops of different types and sizes) are being considered, 

• Horizontal polarization 

In the case of horizontal polarization and monochromatic fields, Maxwell’s equations 
in all media give rise to the Helmholtz equation 

A£, =0 (8.3) 



where is the y-component of the electric field intensity £ in medium 
s (s=l (I), 2 (II), 3 (HI). 4 (IV)) (The coordinate axes are shown in Fig. 8.1). The 
condition of validity of Eq, (8.3) is derived from Maxwell’s equations [Jackson, 
1975]: 






(8.3a) 



The incident plane wave is written as 









(8.4) 



The solution to the Helmholtz Eq. (8.3), E, is assumed to have the form 

(8.5) 



where I/, ( 2 ) is the solution to the ordinary differential equation 

^ + (8.6) 

For homogeneous media I, II and IV. Eq. (8.6) leads to the following expressions: 

In medium I: 



(8.7) 
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In medium II: 






( 8 . 8 ) 



In medium IV: 

r ^ JkftXs\n5T^ 

1-4 — € IQ 

In medium III Eq. (8.6) becomes 



d^U.. 

dz^ 



i^(We'^'-sin^^)l/3=0 



(8.9) 



( 8 . 10 ) 



Inlroducing ihe change of variable rj s^***', Eq. (8,10) is iransformed into the Bessel 
equation 



.d’-V, dVy 2 

I 

drc dr\ 



jV 2 



V- 



//3 =0 



(8 11 ) 



which has the following general solulion: 



£/3(z)=Cjy, 



+ Q/^> 






( 8 . 12 ) 



Here, V " (ik^ sin ^)/a and Jy{x)> ^Ax) Bessel and Neumann funciions 

of the order v, respectively. 



For we write 



B2=€ 






CjJ, 






+ QW. 



<2 



(8.13) 
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The continuity of the tangential components of the electric and magnetic fields at the 
boundaries, leads to the following relationship for the coefficients 
and T : 
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(8.14) 



The parameters in Eq. (8.14) arc explained in Appendix C. 

For the reflection coefficient R. the following expression is obtained, for (Eq. 

8.14). 



i/ej-sin^/S-cos^ 

^21 ® I j 

■\J$2 -sin^ p fco&P 

Here, 



( 8 . 15 ) 



( 8 . 16 ) 



is the Fresnel reflection coefficient, IV in Eq. (8.16) is given by 
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The value of W characterizes internal reflections from the boundaries of medium III, 
Eq, (B.17) cannot be simplified further and requires, therefore, a numerical approach 
for completion of a direct analysis. It should be pointed out that Eq. (R.15) must also 
hold when reflections from a homogeneous layer are described, 

• Vertical mcidence 

At vertical incidence *0). the expression for W is simplified to 



[j,{x)+u,{x)\N,{y)*iN,(Y] 




Jo(i')+«j,(r)jA?„(x)+,w,(A:)] 


J,{x)-iJ,[x)lN,{?)^iN,{Y) 




y,(?)+/y,(y)Iw„(x)-w,(x)j 



where 



~ d.. 



e. 



(8.19) 



For a "thick" transition layer » <l),with 
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in-^ ^ 






In^ 



v£i»i 



the expression for W can be appro ximaied by 



( \ r ^ 




( 8 , 20 ) 



( 8 - 21 ) 



It is seen, then, lhat for large layer thickness relative to wavelength. W tends to zero; 
as a consequence. K — ^ which is the reflection coefficient associated with the 

transition from medium 1 (I) to medium 2 (II). The fulfillment of condition (Eq. 8.20) 
means that the reflection from the interface between media III and IV practically 
disappears. 

The fact that a transition layer of large thickness acts itself as a matching device is due 
to the assumptions in the model. As the change in permittivity with depth occurs more 
smoothly (corresponding to a large thickness of the transition layer), the reflection 
effects of medium II reduce and disappear in the limit. 

Using (8.15) and (8.21), R is approximated by 



R s + 1 



e. 



16 ?r^L 















+e 






(8.22) 



The weak dependence of the reflection coefficient R on the thickness of the transition 
layer is seen from Eq, (8.22) in cases where the layer is sufficiently thick. With 
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^ 



Eq, (8.22) leads to 

^ (l-4X^ + 2plnp-p-) 

2(l + p) WR|2 lA^J 



(8.23) 



(8.24) 



where 



P 



l■^ 





(8.25) 



(8.25a) 



Where is ihe reflection coefficient with no transition layer. 

Expressions (8.23) and (8.24) show that for thin transition layers ^ 

differs significantly from the situation in which the transition layer is absent. 

In other words, R varies significantly from R' for small — , up to large — , 

A A 

as function of thickness d^, 

♦ A numerical example 

The layered structure under consideration may describe an air (medium I) to marine 
ice (medium II) to a transition layer (medium III) to water (medium IV) layered 
structure. The formation of the transition layer is explained by the variation of 
temperature, salinity and density of ice with depth. The thickness of this layer depends 
upon the type and age of ice. For example, two- meter thick marine ice (one-year-old 
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ice) makes transition layers of 30-40 centimeters thickness. For a fresh ice layer of 2 
meters thickness, the transition thickness becomes 10-12 centimeters. Specific results 
dealing with the magnitude of the reflection coefficient R for such a structure are 
drawn in the figures below. 




0 0.4 0.8 dylX 

Fig. 8.3 The dependence of I nndj/A. c, -:3U6: 
\itilXsQ2: Id^tXsO.iS. .Td;/x = 0l 




Fig 8.4 Thedependenceof |K| on rf, «3.W; e^ ®40 
l.*/,/A«07;2.d2//l = D.8;4.dj/^ = a85:5,d2/4«09 
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Pig. 8 6 The dependence of 1 R | on d^ /X. f . = 3 36; = 56 

l rfj/A*0.5i 2d./X = I.O. ?.c/,/a = I3: 4i/, M = 20 
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Figs 8.3 to 8.8 arc based on the exact Eq. (8.15) and neglecting the attenuation in ice. 
From these figures we learn that ice layers without absorption and with a transition 
layer may give similar reflections as homogeneous ice layers with absorption. For 
rf, / A « 1 . 5 - 2 . 0 , the results agree well with the asymptotic representation of R. 

Most effects occur for values of d^l?i between 0,1 and 1.0, The strong interference 
from borders Ml and II -Hi is responsible for this. Figs 8.3 to 8.8 also show that for 
thick transition layers information concerning the internal structure is lost. 

Eqs (8.15) to (8.18) permit the determination of the R dependence on angle (S, the 
complex dielectric permittivities the thickness of the layers and the 

polarization, etc. As an illustration, results for vertical incidence (0*0) and for 
marine and fresh ice at wavelengths ranging from centimeters, decimeters to meters 
are shown. 



If 0 = 0 , 've get = |i^ I = |r |. The expression for R can then be derived using 
Eqs (8.15) and (8.17): 

where 




(8,27) 



R was computed at different wavelengths because the clectrophysical parameters of 
ice and water depend strongly on frequency. In the calculations, the assumptions were 
made that permittivities =3.06 and £*4 = 56, respectively, media II and IV have 
f,=o. 



In Figs 8.9 to 8.11, |i?|^is shown for marine ice at centimeter, decimeter and meter 
wavelengths. 
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0 0.2 0.4 0.6 0-8 1 



Fig. 8.J 1 Tte dependence of 1^1‘on d,/X 
l.d>M=D2S: 2d,/X = \0: lrfWAs25 



Results foriVesh ice using centimeter-waves are given in Figs 8.12 and 8.13. 







Fig. 8.12 The dependence of | if 1 ^ on / A 

J rf,/A»5;2. 4, /A = 25i3. d2U«?5;4. = 50 
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F 15 8 13 The dependence of Iff I’ on dyfA 
Id. /A = 10. 3x/,/A-5; 4.d,/;.-2.5 

An examinalion of Figs 8.9 to 8.13 enables us to draw the following conclusions: 

- A transition layer with thickness in the order of 0.3 A to 0.5 A in decimeter and 
centimeter wavelengths results in the reduction of |^| up to a value, corresponding 
to a thick ice layer. Essentially, the transition layer acts as a matching device, 

- For marine ice, the thickness of the transition layer appears to be more than a 
wavelength and |/?| approaches its asymptotic value for an infinitely thick marine 
ice layer, 

- For a thicker homogeneous ice layer, the asymptotic value of |ff| is attained at 
smaller thicknesses. For instance, for marine ice and wavelengths in the centimeter 
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range, this value is reduced for thicknesses larger than 20 wavelengths regardless 
the thickness of the transition layer. 

- Stronger attenuation of a radiowavc is found in marine ice in comparison with 
fresh ice. This means that the asymptotic behavior for marine ice is reached at 
smaller thicknesses. 



• Vertical polarization 

In the case of vertical polarization of the incident wave, analogous calculations for the 
reflection coefficient, with reference to the magnetic field ^ , result in an expression 
similar to Etj. (8.15), Thus, the reflection coefficient /^|is determined by Eq. (8.16) 
and the parameter W is determined by Eq. (8.17). The significance of the parameters 
8, entering into the expression for W is explained in Appendix D, The order of the 
cylindrical functions in this case is determined by 




8.2.2 Layer with exponential permittivity profile 

In this subsection, expressions are derived for reflections from a single layer, in which 
the permittivity changes exponentially. Such a structure may represent ice lying on 
water or on earth. The permittivity of ice docs not remain constant with thickness. 
Furthermore, due to an increase in density, the permittivity increases monotonically 
with depth of the underlying surface. This change is described by an exponential or a 
polynomial expression (cf. Figs 8.14 and 8.15). 




IJI 



Fig. 8. 14 Layer skiih expnneniid) periniiiiviiy profile 
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1 II III 




z 0 



Hig. S.15 € profile and tan 5 profile 



We solve ihe problem following a procedure analogous lo lhat used in Sec. 8.2,1. In 
ihe case of horizontal polarization, the field represenlations in media I and 111 are 
given by 






In the second medium, ihe eleciric field intensity satisfies ihe equation 



(8.29) 



AEj-f V(V« ^2)^0 



(8.30) 



For the exponential permittivity profile, the solution of this equation can be written as 
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where 



( 8 . 31 ) 



A sin 0 
a 



(8 32 ) 



and (u), /Vj (u) arc Bessel and Neumann functions of order s, respectively. 

The requirement of continuity of the tangential components of the electric and 
magnetic fields at the boundaries between media 1-1! and 11-111 gives rise to the 
following system of equations for the unknown coefficients : 



\-Ru = 



[X) 

1 



it cos 0 



^ dz dz 

7\_ /-■ It 



A 



+ [Y) = C,e 



dz 



dz 



( 8 . 33 ) 



Here. 
X * 






In^ 

^2 



^3 A 






In 



^3 A 



( 8 . 34 ) 



From these equations we obtain 
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In Ihe case of veriical polarizaiion, ihe magnetic fields are given by: 




(8.36) 



The continuity requirement for the tangential components leads to: 



l-K=A2J,^X)-^B2N^{x) 
^ ^ + B2Q2 

Ajip + BjA/p (y)e^ = Cje-'**'' 



-ikhJsj -sin^ ^ 



+ ^Q4 = ^7^ 






The coefficients Q^Qj.Q^.Q^, die parameter p and the reflection coefficient are 
given as follows: 
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(8.38) 






Q4 = 





1 d 
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p =—^ja^ +k^sin^ 
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Eqs (8.35) and (8.39) enable us to find the required reflection coefficients as functions 
of the incidence angle p, the thickness of layer II and the type of polarization. As an 
example, specific reflection results arc shown for vertical incidence (p = 0 )for certain 
types of marine ice, snow on earth and for wavelengths in the centimeter and meter 
ranges. If P = 0. obviously ^ 



\j,(x) + i^J,{x)]N^{Y)-HN,{Y] 


l] - [iVo(x) + (x)P„{k) + i/.{f )] 


[y,(x)-fVi7y,(x)jAr„(K}+,//,(y] 


i]-[w.(x)-.V^w,(x)][/,{?)+ij,(y)j 



(8.40) 

The results are shown in Figs 8.16 - 8,18. In these figures, the reflection from ice 
lying on water is given as function of the ice thickness for centimeter, decimeter and 
meter wavelengths. Figs 8,19 and 8.20 illustrate results for snow permeated with 
water and lying on aground surface or on ice, respectively. 
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Examining Ihcse figures we note Ihe following: 

- The layer acts as a good matching device for thickness even less than 0.5A (c.g., 
for the ice - water layer). In this case, reduces to less than 0.1. 

- For a layer thickness, larger than A / 2 , the underlying structure can no longer be 
detected and interference effects (characteristic of multi-layer cases) disappear. 

- For A, < 0.5A, no significant dependence on lanJ, and tan 5, is found. 




0 1 0.2 0.3 0.4 O.S 0.6 0.7 h/X 

Fig. t 16 Tho dependence of on A / A . Fj = 3.2 
i) A -cm. £j “40(1^/);2) A -dm. F, ^80(l-i);3) A - m. =80(l-l0j) 
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Fig. 8.17 The dependenu-e af |^[ on hfX 
)A — cm, ^2 ^ 40(l-(), £, = 3.2(1-0.05/) 
2 ) A -dm, e, =80(1-/), £, = 3.2(1-0.05/) 
}) A -m. f, =80(1-10/). £, =3.2(1 -O.li) 
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Fig. 8 19 Dcpcndcnccof iRponWX 

e^^\.56; lan5^ = 0-^0.0l; €j*8. 

URKr curve taiKSj = 0.2 ; Iowct curve tan — 0.001 



i«r 




Fig. 8 '20 Dependence of | /? | ^ on li/X 

Ej=I. 56; tan 5, =0+0.001; ej = 3.2 l)tan5^ = 0.2; 2) tan d'j =0.001 



8.23 Sirjgle layer with a polynomial permittivity profile 

For some types of earth surface covered by vegetation, ice top-soil, frozen top layer 
and marshes [i.e. tracts of soft wet land with grass or cattails (plants with long flat 
leaves)] the dielectric permittivity can be well approximated by polynomial functions 
as parameters a and b are determined from matching the permittivity at 

the boundaries of the layer. The exponent n characterizes the rate of change in the 
dielectric permittivity. For example, for ice n is dependent upon humidity, salinity 
and the thickness of the transition layer. For dry and non-salt ice with significant 
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thickness and thin ice layers permeated with water, the parameter n is large. For new 
ice saturated with water, the parameter n is small. 

The polynomial dependence of the dielectric permittivity is shown in Figs 8.21 and 

8 . 22 . 

100 
80 
60 
40 
20 
0 

0 

Hg. 8.21 Function ^ 2^(02 + ^)* vs. Hh 





Fig. 8.22 Ljiyer with polyrK>mial pcrmitliviiy profile 
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The electric fields in media I and III are written as 



£, =T.e‘^V^' 



(8.41) 



for vertical incidence *»0). In medium II the electric field intensity satisfies the 
Helmholtz equation 



+ (a: + ^y El »0 

dz 



Introducing the variable ?7 = (z/ 2 +/>) results in the following equation: 



(842) 



+ =0 
dr}' a' 

A general solution to this equation is given by 



(843) 



£•) = yjaz + b 



qjj^ 

n+2 



2 '' 

2kQ(az + b) 2 



a(n + 2) 



^CiJ 






IT4-2 

2k^{aZ'¥b) 2 
a[n + 2) 



( 8 . 44 ) 



assuming that a;*0;n^-2. The reflection coefficient R is derived from the 
boundary conditions of tangential continuity in E and H fields. We find, 
specifically. 



^ + U; ) + l(yi7»l - »i) 

+“j) 



( 8 . 45 ) 



where 
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Uj - 

tf, 

The significance of Ihe lerms in Eqs (8.45) and (8.46) is given in Appendix E. Eq. 
(8.45) is inlractabie lo further analysis and needs lo be evaluated numerically. 

The computed results for R (magnitude and phase) for ice without absorption are 
indicated in Figs 8.23 to 8.28, 

W 

0.7 
0.6 
as 

04 

05 
02 

0 0.2 04 0.6 0,8 i 0 1.2 1,4 16 LB H/A 

Fig. 8.23 |/?| a funvlion of h/ A 

£j(0) = 3; £j = 80. l.n = l; 2.n = 2. 3n = 3; i.n=-i-. 5« = 10; C.»i=20. 

1 ^ 

0.: 

0.: 

0 12 3 h/X 

Fig 8 24 \R\ as 3 function h/k 

e,=80; £i(0) = 3 l-n = l; 2-»i = 2; 3-ii = S; 4-n»l(l 
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i^r 




12 3 4 5 6 7 8 



Fig. 8.28 IrM as tunciionoJ h/\, f, *8(J; ^ 2 ( 0 )^ 3. 



From Figs 8.23 to 8,28, we can derive appropriate approximations for small and large 
ice thickness. For example, for /j/A> 2. practically coincides with the case where 
itJX»\. 

We note, that except for n = 1 (linear layer), R has only a weak dependence upon n. ll 
enables us lo choose a convenient approximation for the unknown n, knowing that we 
do not make large errors. 



8.3 StcK'hastic case of three layers with flat b<iundaries 

8.3.1 Integral equation approach 

Consider the geometry shown in Fig. 8.29, A plane wave propagating in medium 1 
(free space) is incident normally (^ = 0) at the upper flat boundary of medium II 
consisting of a dielectric layer having variable permittivity and thickness h. This 
layer is backed by medium 111 of constant permittivity e, . 
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Fig. S.29 Geometry uf three layers with flat boundaries 



The permittivity of medium II is characterized by 

£j=f 02 +v(z) (8.47) 

where v ( 2 ) is a zero-mean random function of z, that is 



v(z) = 0 (8.48) 

All three media are assumed to be unbounded in the x- and y-directions. Media I and 
III extend to infinity from the +2 and -z directions, respectively. As all media are 
assumed to be non-magnetic, the relative magnetic permeability is everywhere equal 
to one. 



For vertical incidence, E,. the >• component of the electrical field in medium s (s = 
1(1), 2(11), 3(III)) is governed by the Helmholtz equation 



£!£> 

dz^ 



+ k^E,E, =0 



(8.49) 



As media I and III are homogeneous, the electric fields in these media can be written 
in standardized form as 



£3 



(8.50) 
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In medium II. the electric field obeys the 1-D stochastic Helmholtz equation 



dz' 



The latter is solved by assuming that the field consists of two parts: 
^2 * £02 + ^2 



(8.51) 



(S.52) 



£^is the electric field in a layer in which is constant and equal to This is the 
solution of the unperturbed problem and satisfies the equation 



dz 

with the solution 






(8.53) 



(8.54) 



The coefficients and Cg aie calculated from the boundary conditions for the 
reflection of a plane wave from a homogeneous layer with £ = €q^. 



c, = - 









2 



(8.55) 



By substituting (8,52) in (8.49) we obtain 



“ I +^0^02^2 “^o''(2)£o2 



(8.56) 



This expression is a non-uniform Helmholtz equation, in which the right-hand pari 
contains the random function v( 2 ). To solve this equadon we use Rytov’s method 
IRvrm' et al. Part 2, 1978]. which is summarized in the following. 
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Consider v(z) as a given function of z. Then. Eq. (8,56) for E, =1,2.3) can be 
solved in principle, taking into account the boundary conditions. In ihesolutions E. 
some functional dependence on v(z) has to be present. The various statistical averages 
necessitate working with statisdcs of products of fields. The outcomes will be 
described by expressions containing various correlations of functionals of the random 
function v(z). 

Following this method, thefunctions on the right-hand side of Eq, 

(8.56) are expressed as integrals; specifically, 



= [ A(p)cospjdp 
v(z)^ * I D(p)QQSpzdp 
£^(z)= j C(p)cospzJp 



(S.57) 



The coefficients A (p). D (p) and C (p) are determined as follows: 
I ^ 

A{p) = - j v(z)E(y2<^ospzdz 

” -h 

I ^ 

C(/») = - J E'lCOspzdz 

-h 

D[p) = -^l C{p)F{p,p')dp' 

— ft 

F(p^p') is defined explicitly as 
0 

f (p,/>')= jv[z)ccyspzcoip'zdz 



(8.58) 



(8.59) 
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The subsiilution of Eqs (8.58) and (8.59) inlo Eq. (8.56) results in the following 
integral equation for C{p): 

,8,M| 

This is a Fredholm equation of the second kind. Us kerne), 

unknown in actual cases. Therefore, Eq. (8.60) can 

only be solved by approximation-methods. An iterative method is used. In the first 
iteration, we have 



c(p) = 4i^-C.W 



Substituting this expression into Eq. (8,60), we obtain in the next iteration 

C(p) = C,(p) + C,(p) 

where 

ft Lp -^^,2 

A continuation of the iteration procedure yields 
C(p)=Co(p)+2c,(p) 



( 8 , 61 ) 



( 8 . 62 ) 



(8.63) 



(8.64) 



where C„(p) is given in Eq. (8.61) and C,(/>) can be written as 

iti 



C,(P) = 



n 



I 



dp^ 



dp2 



dpi 



P^ - Lpf- ^^02 LpI- ^ 0^02 






X 



0 0 0 0 0 



H J • J ^02(^>W‘'(Zl)-V(?,)x 

-A -A -A 

X COS p| Z C OS Pj Zj C OS P2 2j . . . COS _ j COS p, Z^ rfzJ Zj dZ2 ■ ■ -dZi 



C8.65) 
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The expression for C{p) in Eq. (8,64), together with the last relationship in Eq, 
(8.57), allows us lo determine, in principle, the particular solution of Eq, (8,56). 
Combining Eqs (8.52), (8,54) and (8.57), we obtain a formal solution to the stochastic 
Helmholtz Eq, (8.51). viz., 



£2(z) = C5e'*°'^'+Q^"‘«'^'+ J C{p)coipzdp 

•«e 



( 8 . 66 ) 



for each realization of the random function v (s). We shall make use of this solution 
in the next section in order to determine the average reflection coefficient. 

8.3.2 Reflection from layers with constant average permittivity 

If, in the analysis carried out in the previous subsecdon, the deviations in permittivity 
from its average value are insignificant (as for many types of ice), a lo west-order 
approximation becomes possible. 

We shall demonstrate that a necessary condition for approximating C(p) by the first 
iteration term C^ip) [cf. Eq. (8.61)] is given as 




(8-67) 



where is the standard deviation of v(z). For instance, the condition (8.67) for ice 
topsoil means that the spread in permittivity should not exceed 10-15%. For the 
validity of the approximation implied in Eq. (8.61). it is necessary that 



|Co(P^»K'i(p)| 

C,(p)|»|C.„(p)| 



( 8 . 68 ) 



Using Eqs (8,58). (8.61) and (8.63), these two inequalities can be rewritten as 
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1 


P^-’‘ofoi 


rr 



j 0 

Jv'(z)£ii2(z)cOSp^d2 



» 



[P^ 'f^0^02)LP\-f^0^02: 



,0 u 

J ; ^'2 — J V (z) £02 (z)«>s Pi J V (z, )cos P i Z| cos pz,*. 



-A 



(8.69) 



or as 



— ? ; J v(z)cos PiZ,COS PZ|*1 

^ ^P\ “^ 0 % -h 

The latter is rephrased approximately as 

k^na^ f dpt C j 

-J -5—2 — j cospizicospz,*, 



«l 



(8.70) 



^ -1 A “^^02 -t 



«l 



(8.71) 



which differs from Eq. (8,70) in the sense that v(z) is replaced by an overestimate, 
namely the standard deviation (n = 1,2,3..,), 

Carrying out the integrations over Z[ and p^ in Eq. (8.71), we obtain 









2^/i^ 


[p + k 


P J 






2t> sin ph - 2kf^ cos ph 


2 




P 



{Z.ll) 



where 



Since Eq. (8.72) has to be valid for any value p (even for p close to zero), it is 
necessary that 
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ne 






«1 



'02 



from which it follows lhal 



(8.73) 



« 






n 



(8.74) 



Later on we shall illustrate the use of ihe above approximation in calculating the 
reflections from several types of ice. Experiments show that for marine ice the 
fluctuations in permittivity, as a rule, do not exceed 14%. It is clear, then, that in 
actual engineering practice the reduced restriction 



« I 



(8.75) 



03 



really occurs. However, it should be pointed out that even when this condition is 
satisfied, the first-order approximation appears to be unrealistic if p equals 
happen for a non-attenuating layer. In this case, Eq, (8.60) 

assumes the form 



^ I C(p')f (to y[^,p')dp' = 0 



(8.76) 



wherein the second part cannot be neglected. 

Let us return to the level of the first-order Rytov approximation. In the light of our 
discussion, we assume that 



c(a’)-c„(p)= 



P 



(8.77) 



Substituting this expression in Eq, (8.66) and using the continuity of the tangential 
field components at the boundary, we obtain at the interface with medium 111 the 
following system of equations for the determination of the desired reflection 
coefficient R: 
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H-K = C3 + Q+A^/| 

Here, 



[8.78) 



^ = j 



LP 



Mp) 

-kn£ 



dp 



0 *^02 



— P ^0 ^02 



(8.79) 



In Eq. (8.78), a high conductivity for medium III is allowed, together with the use of 
the Leontovich boundary conditions. Solving this system of equations we obtain 






kh 



Oi 



D. 



bf,-2rz) 



(8.80) 



In this expression, is the Fresnel reflection coefficient with no change in and 
vertical incidence; furthermore, 

(8.81) 

Taking Eq. (8.48) into account, the averaged reflection coefficient becomes 




H = R^ (8.82) 

i.e., within the limits of small deviations in permittivity layer II does not affect 
the averaged reflection coefficient. The average reflected power is proportional to 

where 
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D. 



\rfU 



A{p)A‘{p') 






^dpdp + 



7 7 A(p) a' ( p'icosp/icosp'A 



4 b 

r-n 



A(p) A*(p')cos ph 






rrdpdp 



(8.83) 



The average A[p)A‘{p') entering into the last e<^uation can be expressed in terms of 
the correlation function it{z-' Z^)- v(c)v'( 2 ') : 



. 0 0 

A(p)A*(p') = — J f E(^(z)E^(z')fi^(2~z')co$pzcospz'dzdz' 



(8.84) 



-A-ft 



For a well-chosen correlation function it is possible to calculate 

analytically the average reflected power. From this it becomes clear that (within the 
limits of the applied approximations) knowledge of the medium can be gained from 
the reflected power. 

It is possible to show that Eq, (8.83) can be transformed into (Appendix F) 




xjjx(z-z')&in^^k,/^zjsin^(^k^/^z''jdzdz'^ 
e 0 



(8.85) 



As an example, for marine ice lying on water, we assume a conelation function of the 
form 



K(Z 



^2 ^ 

' 



( 8 - 86 ) 



r being the correlation radius and zrf, the variance of v (z). It should be noted that 
K(t-z')->S(z-z')iiS r-^0, while K(:-z')-*0qs 
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Eq, (8.83) is now wriucn as: 

The addiiional term A caused by the randomness of the permittivity. For 



^02 = 4 (I-<tan5,) 

= 4.0; tan ^2=0.1- 2.5; 

Y = 0-2; y = 0-20; = 0-.05|f,.| 

A A 

numerical results are shown in Figs 8.30 to 8,34. 




0 4 8 12 r/A 



Fig. 8.30 A/|«;5['|%lasafunciK»nof r/A. ^M = 0.I; £ = 4t> 
t) tan 6 — 0.1 2) tan 6 =0.2 3) tan rS =0.5 4) tan ^=0.6 



a 




Fig. 831 funciionot r/ A . h/A = 0.2 ; £ = 40 



(8.87) 



( 8 . 88 ) 




RejlecxUm of Electromagnetic Waves from Non-Uniform Layered Structures 



249 




0 4 8 r/A 



Fig. 8.32 A/ 1 Ro I ^1%) as a funcuon of f / A . £ = 40; ft / A = 0, 3 

l)Un^=0.1 2)tati^=0.2 3) can 0.3 4}ian^=0.4 




Fig 8.33 (%] as fum:iUm of klk rf\yl. Css 40 

I)iaiu5 = 0.l 2) can 5 = 0,2 3)ian^=0,3 4)ian5=0.8 
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Fig, 8,34 (9('| a!« functionof /r/ A . t' « 40; 0.4 <r/A£ 2 

Uian^sO.I 2>tiia3=0.2 .Miiin5=0,3 4>ianrf=0.5 

Afier analyzing the results, we may draw the following conclusions; 

- A small change in permiiliviiy can appreciably affect the reflected power (for 
example, a 5% root-mean square deviation in e.^ may result in a change of A / 

up to 10%). 

- The largest difference takes place when the correlation function approaches the 5 
function ( r — > 0). 

- At some r/A. h/A .the quantity A/|/^,|* becomes zero. This means, that forgiven 

^ and ice thickness relative to wavelength, changes in not affect the average 

A 

reflected power. 

- An increase of — and — results into a higher average reflected power. 
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In Fig. 8,35a, ihe relation 




is shown, for a homogeneous ice layer as function of 



its thickness relative to wavelength and various lanS values. A similar plot is shown in 
Fig. 8.35b for (|«|7|«=l'}- 




0 0.1 0.2 0.3 0.4 0.5 0.6 hiX 



Fig. 8.35a \Rf as. a function of h/ X . 

I)tan^ -O.i 2)lan^ =0.2 3)tan5 -0.3 4)ian^ =0.8 
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Fig. 8.35b 




as function of HI X . 



f«40; dAir/l<2 



nian5»0.l 2)\anS=0.2 »tand*» 0 3 4) lord ^0.8 



The results do not appear to depend strongly on r/X for values ranging from 0.4 up 
to 2.0. while a higher tan 5 results in reduction of the reflection coefficient. 

At a certain ice thickness, the envelope of the reflected wave attains extreme values. 
(For example, at a thickness of a quarter wave length there is a minimum). 

In Figs 8,36 and 8.37, the relation function of the ratio between 

correlation radius and wavelength (rfX) is indicated for a fixed layer thickness to 
wavelength ratio (/j/A) and variable parameter lanA'. Fig. 8.36 shows results for 
h/X = 0.2 and tan 5 -0.1, 0.2. 0,8 and 1. Fig. 8.37 shows results for ^/A = 0.3 and 
lan 5 js 0,1, 0.2 and 0.3. The relative permittivity in both figures is assumed to be 
constant, f =40. 
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An increase in the correlation radius leads to a redaction in difference compared to a 
homogeneous layer. Thus, due lo an increase in correlation radius r, the changes in 
the permittivity become smoother. At low r, the correlation grows and has its 
maximum at r = 0. 




0 4 6 12 16 



r/A 



Fig. 8.36 Dependences of <m rt X . 

£»4l>, /j/A *0.2. I)tan5 = 1 2) tan 6 **0.8 3) tan 5 **0.2 4) land » 0.1 




F)g. 8 37 Dt^ndcncesor |/?| /|/^| on r/A. 

£ = 40; klX-O.i 1) land *0,3 2) tan 5 *0.2 3) land *0.1 





254 



Chapter S 



The applicable boundaries of the model can be established through analysis of Eq. 
(8.85). It can be shown that for rather large h and r values the expression 

j will be determined by : 

(l - [R|VKf ) = ai ^ (8.89) 

,j^|l + |eo2| + 2^cos^j 

where d,i is the skin depth. For small correlation radii, ^1 J converges to 
the limit: 

(l-K>/|i{oP) = a,^^ ^ (8.90) 

i + |^02i + 2,/j^cos-^ 

^ , 

The result can be generalized for waves incident on the layer at an arbitrary p angle. 
In the case of horizontal polarization the electrical field = (s= L 2, 3) in 

various media is represented by 

E„ (8.91) 

where f/j. (z) satisfies Eq. (8.49), in which it is necessary to replace by 
(f, - sin' ^). Repeating all previous calculations, we obtain an expression similar to 
Eq. (8,80), i.e.. 

— ^o k{2~sin p\ 

« = «0 (8.92) 



Here, is the reflection coefficient from a layer of constant permittivity and 
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Dj -ycosj3-yV«02-sin'i5 



= J 






d'p 



_ f A(p)cosp?i 



(8.93) 



Eq. (8.56) should then be replaced by an appropriate expression for waves incident at 
an angle . Using Eqs (8.92) and (8.93) and expressions for and Cg, together with 

a particular correlation function, it is possible to derive |R|^ for arbitrary ^ following 
an approach similar to that for ^ - 0 . 

Results permit us to draw a number of conclusions. The average reflected power from 
a non-uniform layer depends on electrical, geometrical and statistical parameters. 
Computations are possible by using the correlation function of the permittivity. The 
largest difference of average reflected power compared with the case of a 
homogeneous layer lakes place for small correlation radii. The differences are 
enlarged with increasing layer thickness while an increase in tan 5 reduces the 
differences. At certain frequencies a minimum difference occurs. An increase in 
correlation radius gives an increase in the reflection coefficient magnitude and is 
proportional to layer thickness and correlation radius. 

For a reduced correlation radius, this increase is of limited significance and becomes 
proportional to the correlation radius and the wavelength. 

8.3.3 Reflection from a surface as volume scattering 

Under certain conditions, surface scattering can be profitably considered as volume 
scattering of an incident electromagnetic wave passing through a randomly 
inhomogeneous medium. The medium is characterized by fluctuations of the 
dielectric constant with respect to its average [Andreev. 1988; Andreev, 1989; Slutsky. 
1989], The discontinuities in the medium dielectric constant are described by the 
following relationship: 
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*(?)= 



e,-S2 



if 

if 



Oiz<h(p) 

z<0 or T>h{fl) 



(8.94) 



Here, h is the surface height profile and p is the vector difference between two 
position vectors on a surface described by a Cartesian function z - fix, y). The 
relationship given in Eq, (8.94) means that if a real rough surface is elevated in some 
area over an average surface c = 0, then the fluctuation on the average permittivity 
can be described by the upper equation of relationship (Eq. 8,94), otherwise by the 
lower equation of Eq, (8.94), Permittivity £, corresponds to the uppermost region, 
to the lowest region. 

Such an approach results in an integral equation for an average field. The solution of 



this equation can be expressed in the form of a series of the parameter: ky<h^ > , 
where h is the surface elevation. We can distinguish three parameter regions: 

(f] “^ 2 )^^! ^ (8.95a) 

b) kh- 1; (<"1 (8.95b> 

c) kh » 1; ^1 ^ (8.95c) 



Region (a) (the thin transition layer) is considered below: 

The reflection coefficients for linearly polarized incident waves have been calculated. 
As the solution is based on the application of an iteration procedure, the choice of a 
zero-th order approximation is significant. [Slutsky, 1989] has analyzed the standard 
problem of reflection from the dielectric discontinuity 

f(z) = ^i+(£i-«2)a:(z) (8.96) 

where is the Heaviside function. 

Another proposed model [Andreev, 1988, 1989] seems to be more flexible. In this 
model, the scattering from surface acoustic waves in a crystal was analyzed, with the 
following relationship chosen as zero-th order approximation: 



f (z) = 1 + jtanh(^z) 



(8.97) 
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There is no rationale given for the choices of the permittivity discontinuities 
mentioned so far; however, more recent investigations have shown their utility 
[Kozlov. 1992, Lax. 1951], For this reason, we shall discuss these problems in a little 
more detail. The appr^>ach proposed by [Kuznetsov, 1991] can be considered as a 
development of the Rayleigh method, whereby a plane wave interacts with a surface 
and is transformed into radiation with a specified angular spectrum. The amplitude of 
the angular spectrum of the scattered field is found from the boundary conditions on 
the surface, by matching the solutions for the scattered field and the incident field 
under the assumption that the magnitude of roughness (the thickness of a rough layer) 
is small. 

A transition layer of finite thickness in which an angular spectrum is varying 
smoothly is proposed. The equations describing the transformation of this angular 
spectrum for incident waves (transmitted through the second medium), as well as for 
reflected waves within a transition layer, are constructed. The medium is considered 
to be a volume scatterer. With this approach, an elementary layer - the scattering 
within this layer can be calculated by means of the Bom approximation - with 
thickness Az is selected within the transition layer. Knowing the angular spectrum of 
waves entering this layer, we can calculate the amplitude of the plane waves leaving 
the elementary layer. Passing to the limit Az^O, the finite-difference equations 
become differential equations. 

The scattering from a two- scale surface representing a regular cylindrical saw tooth 
surface characterized by slight perturbations in amplitude was considered by 
[Kuznetsov. 1991; 1993], The spatial period A and the amplitude A of the regular 
surface have a restricted range of values. The angular spectrum can be calculated 
using an integral equation approach [Kuznetsov, 1993]. Applying an iteration 
procedure in order to solve the integral equation for the electric field, it is seen that in 
the zero-th order approximation the incident wave propagates through a planar 
transition layer with the following effective dielectric constant: 









€l 



( 8 . 98 ) 



This relationship, derived as a result of the solution of the scattering problem, is 
characterized better by the model given in Eq. (8.97) than that in Eq. (8,96). The 
series convergence for the model given in Eq. (8.97) will be quicker. The result given 
in Eq. (8.98) can easily be realized by taking into account estimations of the effective 
dielectric constant as representative of a composite of media with different e . 
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8.4 Conclusions and applications 

In this chapter, we have discussed the reflection of electromagnetic waves from 
layered structures characterized by different laws of variation of the permittivity with 
layer depth. The cases of deterministic and random variation of the permittivity with 
layer depth have been considered separately. 

As a first model of a deterministic variation of the permittivity we assumed an 
exponential law in one of the layers of the four- layer structure. The other layers were 
assumed to be homogeneous with constant permittivity. Such a model may be used 
for earth surfaces covered with vegetation, for sea surface covered with ice. etc. In 
this model, we considered both vertical and horizontal polarizations for the incident 
wave. The derived expressions for the reflection coefficients turned out to be quite 
complicated; for that reason, we undertook a numerical analysis for a four-layer 
structure in the form of air - sea ice - transition layer - water. The results showed that 
the largest changes in the reflection coefficient occurred when the ratio of layer depth 
to wave length was in the range of 0.1 to 1,0, For thick transition layers, specific 
information on the inner structure of the layer is practically unavailable. 

The derived results allowed us to ascertain the dependencies of the reflection 
coefficients of the electromagnetic waves on the angle of incidence, the thickness of 
the layer, mode of polarization, etc. In addition, these results were derived for various 
ranges of wavelengths, specifically, for centimeter, decimeter and meter ranges. 
Although the results did not differ quantitatively, they exhibited substantial qualitative 
differences. 

In a similar manner, a model was considered whereby the permittivity changed with 
layer depth according to a polynomial law. In that case, we also derived numerical 
results for ice covers because the analytic expressions for the wave reflection 
coefficients turned out to be very complicated. The main conclusion of that analysis 
was that the order of the polynomial weakly affected the value of the reflection 
coefficients and that allowed us to choose not very high orders of polynomials 
confining ourselves to simple relations. 

The aforementioned two models, being deterministic, give only a very approximate 
pattern of scattering of electromagnetic waves from layered surfaces, but in some 
cases they may turn out to be useful for certain structures and give rough quantitative 
results. 

Stochastic models of three-layer media with flat boundaries represent a more general 
case. The permittivity is a certain random quantity, which changes stochastically with 
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depth. The problem of deicrminaiion of the reflection coefficients is to be solved by 
the Rylov method, as a result of application of which Fredholm equations of second 
order are derived. The Fredholm equations may be solved by the iteration method. 
Then, we assume the condition that the average value of scattering of a random 
quantity describing the permittivity does not exceed 10-15%. This statement is valid 
for sea ice and allows us to derive quantitative results for such a medium. These 
results demonstrate quite substantial changes in power of the reflected wave with 
relatively small mean-square values of the permittivity variance. The derived relations 
for the reflected wave power are complicated in character when there are changes in 
the layer depth and the correlation radius of the random quantity relative to the 
incident wavelength. With some ratios of layer depth to incident wave length, the 
reflected signal power reaches extreme values. An increase in the correlation radius 
results in a decrease in differences relative to reflection from a homogeneous layer. 

Possible fields of application of the results in this chapter are as follows. First of all. 
with the use of them, we may solve direct problems of remote sensing for those 
surfaces that may be described by multiple layer models (e.g,, three-layer and four- 
layer models). The aforementioned relations and numerical calculations allow us to 
determine the reflection coefficients of electromagnetic waves and the reflected power 
as functions of the depth of a layer in which a deterministic or stochastic variation of 
the permittivity with depth takes place. The random variation of permittivity is 
characterized by its correlation radius, for various ranges of wavelengths. Most 
realistic surfaces are described exactly by such multiple layer models of 
electromagnetic wave reflection. 

As it has been mentioned in previous chapters, the solution of inverse problems of 
remote sensing often is based on the results of the solution of direct problems. 
Therefore, the results presented in this chapter have practical significance for the 
solution of inverse problems. We have to mention several restrictions of the derived 
results. These restrictions are connected with the consideration of flat boundaries 
without taking account of roughness. However, the questions of influence of surface 
roughness on the reflection of electromagnetic waves will be considered separately 
later on. 

It has been pointed out, the results in this chapter on the reflection of electromagnetic 
waves from multiple layer media may be used for the investigation of sea ice. ice 
located on the soil surface, for surfaces covered with vegetation, for agricultural lands, 
etc. The wide variety of possible objects that may be remotely sensed makes the 
presented results quite useful in practical applications. 
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RadioM^ave Reflection from Structures with Internal Ruptures 



9.1 Introduction 

In some radar remote sensing problems connected with investigations of the earth’s 
surface, it is necessary to investigate reflections from structures with internal ruptures 
(e.g., fractures in ice ravines), or with all kinds of hollow spaces. Application of 
electrodynamic models of ruptures (fractures) in the form of an endless deep pit with 
vertical walls and with a reflection coefficient equal to zero, turns out to be ill- 
defined. Experimental data shows that the reflection coefficient may have quite a 
significant magnitude. A slight deviation of the pit walls parallel orientation can also 
cause this effect. Analysis based on models therefore must always be extended very 
carefully. 

The reflection of electromagnetic waves from structures characterized by internal 
ruptures is studied in this chapter under different polarization conditions. Three 
specific two-dimensional structures arc considered in detail: a symmetric and an 
asymmetric wedge-shaped fracture, a parallel wall’s fracture with a finite depth and a 
pit in the shape of a spherical surface. Characteristic dimensions are assumed to be 
much larger than the wavelength so that geometrical optics approximations are valid. 

In general, a radar senses a structure with a rupture at a specific angle using a given 
antenna pattern. Relationships between the reflection coefficient with the observation 
angle 0, the geometrical dimensions, and the clectrophysical parameters of the pit 
must then be determined. Strictly speaking, diffraction theory is needed to solve such 
problems; however, if we assume that the dimensions of a pit are much larger than the 
wavelength, geometrical-optics approximations turn out to be very fruitful. 



9.2 Reflection from a symmetrical wedge-shaped fracture 

We start with a plane wave incident upon the structure under consideration at an angle 
^ , The reflection coefficient of this wave from the walls of a wedge-shaped fracture 
has to be determined. After repeated reflections, the wave will leave the wedge- 
.shaped fracture at an angle B with respect to the horizon. This angle can be 
determined by the geometrical consideration of repeated reflections from the walls of 
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the fraciure, as is shown in Fig, 9.1a. The spherical pit model and a model of a 
reciangular pii with a finite depth are shown in Figs 9.1b and 9.1c. 




In Fig, 9.1a, the angle of the wedge is a, the depth of the pit is H . the dimension of a 
sidewall is L, (he angle of the antenna beam with the horizon is 0 and the distance 
between the vertex 0 of the wedge and point A is , The reflection coefficient of the 
symmetric wedge can now be defined by 

M 

R = ( 9 . 1 ) 

where (ff, is the angle of an incident beam on the wedge wall after the j-th reflection, 
and corresponds to the last emergent beam. 
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By R{(p) we mean Ihe plane-wave refleciion coefficicnl from thai boundary at an 
incidence angle «p. R{(p} depends on ihe complex permitiiviiy of ihe wall material. 
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Thus. Ihc task requires the determination of the reflection angles (f>^ and the total 
number of reflections Af. 

From triangle BOC in Fig, 9,1a, we can easily find the relationship between angles 

¥=n,|- 

9n*\=V,r° (9 2 ) 

This rccunent expression allows us to derive the angle for an initial angle and 
after n reflections we have 



<P„ = V, - (« - 1)« (9.3) 

In order to define the number of reflections, it is necessary to know i,c„ the 
distance from the point of n-th reflection B to the vertex O. 
in BOC we see the recurrent expression 



cos((p.-a) 



(9.4) 



Using Eqs (9.3) and (9.4) we get 

I - (icosyi 
cos(?>| -na) 



(9.5) 



The last reflection will take place at a number n = M at which the following 
inequalities hold: 



(..,> 2 - 



(9.6) 



These inequalities arc transformed into 

n or > (p I + arccos(^cos?i , ) 

(n - l)a arccos(^ cos ) 



(9.7) 



where ^ / L. 
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Now we may determine the number of ref lections M : 



M = 



(p^ arccos({costfi|) 
a a 



+ ! 



(9.8) 



Here, the bracket 1„.J indicates the integer part of the enclosed expression. 



The parameter § can be expressed more naturally using the coordinate of the 
intersection of the sensor beam with the entrance plane of the pit. In this case, 
however, the formula becomes more complicated; specifically, we find 



M « 



arccos cosd cos— + nsin6 
g i ^ [ 2 * 

a 2 a 



•f 1 



. . a ^ X ^ . a 

where: -sm— < r7 = — <sm— . 

2 ' Z. 2 



The (composite) reflection coefficient is then given by 

;»i 

with the following relationship between the angles and 8 * 






From this we can easily derive that only one reflection takes place for: 



(9.9) 



(9.10) 



(9.11) 



(py<(X i-C.. ^ ^ 



a 



(9 12) 



The maximum number of reflections is found from Eq, (9,8), for ^90 ; 
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180 " 

a 



itl 



This happens when 



6=90'’-- 

2 



(9.13) 



(9.14) 



In Fig. 9.2 we show |/?(^)|" as a function of the incidence angle and for characierislic 
wall materials. 




Fig 9.2 Dependence \r\' and IIP - 1.2. VP - .14 
1.3 - ground (l - 2,4-tsmcrcic f-6.25 (l i 0.0 1 ) 



The relalionships are shown for horizonlal (HP) and vertical (VP) polarizations. 
Values of the complex permittivities are taken: 



= 8 . 0 ( 1 - 10 . 1 ) 

= 6.25(1-10.01) 



(earth) 

(concrete) 



(9-15) 



The abscissa in the figure marks the angle (p^ _ 



a 



0--^. Intervals equal to a also mark 



the number of reflection points (M-1), etc. The vertical axis gives the product in Eq. 
(9.10). 
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9.2.7 Vertical probing 

tt 

For vertical probing (^= 90"*,^ = 90' number of reflections defined by (9.9) 

becomes 




\ ATVCOSi} 

2 a 



( 9 . 16 ) 



Analysis of this expression, when geometrical optics is valid, yields: 




( 9 . 17 ) 



This means, that for vertical probing the reflection coefficient of a wedge-shaped 
fracture is determined by the wedge angle CT only and does not depend on the point of 

Q 0 

probing. However, for angles o *8 95 — 110 , this conclusion is not true, because at 
these angles the number of reflections appears to be dependent on the coordinate x. 

The relationship between the magnitude j and the wedge angle a for 

concrete fractures is shown in Fig. 9.3 for vertical and horizontal polarizations. 




Fig. 9.3 Dependence of I I' un a 
Lower curves - VP. Upper curves - KP 
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The rise in the curves for HP and in the interval tt< 105^ is due to the decrease of the 
number of reflections and the drop for a< 105* i^ due to the decrease of the reflection 
coefficient associated with the decrease of the angle for the same number of 

reflections. The angle c? < 108 corresponds to a smooth surface. 

The cross-hatched ;uea in the plots reflects the relationship between the magnitude 
) and the coordinate x. The lower bound of this area corresponds to = 0 and 
the upper bound to x^a. There is no such relationship for other intervals of the 
curves. 

Fig, 9.3 shows that for vertical probing a fracture can be considered as a blackbody 
for angles up to a«40 -45 for horizontal polarization and up to cx-TS for 
vertical polarization. 

9.2.2 Probing at low grazing angles 

Now we discuss observations at angles 6, where the beams pass in the vicinity of 
point A (sec Fig, 9.4a), From geometric considerations, we know that ^0-— and 
the number of reflections becomes 




a 



+ 1 



(9.18) 



The relationship between the magnitude itnd — for different angles a and 

vertical and horizontal polarizations is illustrated in Fig. 9.4b. Curves are smooth for 
a > 90 because there is only one reflection. The sharp rise of the curves is due to the 
appearance of the second reflection. 
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Pig. 9.4 a: Oeomeiry of beam incidence 

b: Dependence and 29 /a (for concrete) 

141 = 30®. 2a = 60°: 3 a = 90®; 4,a = 120® 



9.2.3 Restrictions 

As was mentioned above, the approximations of geometrical optics remain valid as 
long as the dimensions of the pit and the distance between adjacent reflections (for 
example. BC in Fig. 9.1a) are large compared to the wavelength, i.e.. 



S„ »A 



(9.19) 
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From triangle BCD in Fig, 9,1a, it is easy to find that 

(9,20) 

COS^^ 

Taking into account the recurrent relationships (9.2) and (9.4), condition (9.19) can be 
rewritten as 



5. =- 



i, sin a cos 



» A 



cos(^i -(« - \)cc] 

_ /jCOSg>| _ , 
cos[(pi ~na) 



so that 



a 

±» 4 ^ 

A ZcostPi 

^ I 
A cos^, 



(9.21) 



(9.22) 



For cfg — >2. i.e., whcncf<53» the restrictions in the method are determined by the 

first inequality in Eq, (9.22); otherwise, the second condition gives the determining 
restriction. 



9.3 Reflection from an asymmetric wedge-shaped fracture 

Results derived in Sec. 9.2 can easily be extended to non-symmetrical wedge-shaped 
fractures. AH formulae remain practically unchanged. The only difference is that in 
this case the number of reflections is defined by the smaller of the numbers M or N, 



M » 



arcco$(^i cos^j ) 

<x ce 



A/ = 



arccos({2 cos^2 ) 

a a 



+ 1 



(9.23) 
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where = — ; ^2 A ^ ^ dimensions of the pit side walls. 



9.4 Reflection from a pit with spherical f<»rm 

With reference to Fig. 9.1 b. the radius of the spherical pit is , the opening angle is 
cp . the receiving antenna ’looks ’ at point A and the “enhancement'' field is directed 
at point B. 

Taking into account the equality of all incidence and reflection angles, it is clear that 

(9.24] 

The number of reflections N is derived from the following condition: 

4^ + (l8ff -2<p)N><i> (9.25) 



i.e., 



N = 






180' -2^ 



+ 1 



C9.26) 



By means of simple geometric considerations the following relationships for 
0.x,(p,R,, can be found: 



(p = ms\n[^cos{p) 

^=i 

For vertical probing (()=:(?) of a ' half- sphere'’ pit(<p= 1 StT ), we find that 

9(f +arcsin4 



(9.27) 



N- 



2(90“ - arcs! 



+ l 



(9.281 



When the pit is filled with a medium having a complex permittivity s it is also 
necessary to take the attenuation into account. 
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The relationships between the magnitude of the reflection coefficient (\R[) and 
parameter ^ for earth and concrete in the case of vertical probing (9 = (y) with 
different angles (p are shown in Figs 9.5 to 9.8. The complicated character of the 
curves can be explained by the change in the number of reflections. This change is 
caused by a variation of the point of sighting. 




0.35 

0.30 

0.25 

0.20 

0.!5 

0.10 

0.05 

0 




Fig. 9.5o D^ndenceof |J?| on ^ 

Concfeie s^b.2$ jl-r O.Ol) 
l.c^*Jr/3, 2.<t>*?r/2. 3.4>*2ff/3 




Fig, 9.5b Dependence of I I* on { = 
Concrete s = 6.25 (J - i O.OI) 
2.0*3;r/4 
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i«r 




0 0.2 0.4 0.6 0.8 



Fig. 9.6a Dependence of |^|* on | ■= xf 
Concrete e « 6.25 (1 -/ 0 01) 

1.4^ = 2;r/3; 3.0»«;3 



i«r 




0 0.2 04 0.6 0.8 

Fig. 9.6b Dependence of \R\ on | = 

Concrete f =6.25 (I -r 0 01) 
i 0 s 2,0=5«“/6; 3.0=3ff/4 



x/R 
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Fig. 9.8a DepeiKjcnccof |/?f on $ = xIR^^ 
Grounds * 8 (J-/ 0-1) 
i .4) » / 3; 2.0^nf2: 3.0*=2ff/3 
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Bg. 9,8b Dependence of I on 5 = x/ 
Grounds ® 8 

[ 2.<I>*5?r/6; 3.«I»=3»/4 
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9.5 Reflection from a rectangular pit with finite depth 

When ihe reflected wave is received at angle from a surface element situated near 
point A (see Fig. 9,1c) and located on a side wall of a rectangular pit having width 
equal to 2a and depth equal to H, the direction of ’enhancement of wave 
propagation" is defined by means of geometrical optics. In order to calculate the 
number of reflections it is advisable to extend the pit towards the bottom direction up 
to a depth of 2H . 

The conditions for beam emergence from the pit after n reflections from the walls 
become 



II '2a ig<p >2H -i 
(tj - [)-2a <2H -I 



(9.29) 



From (9.29), it follows that the number of reflections M from the pit walls equals 

2/y-/ 






2a 



cm 



-H 



( 9 .? 0 ) 



In addition, there is the reflection from point B at an angle (90^-^). The total 
reflection coefficient is determined by 






i2H 






(9.31) 



The relationship (9,30) shows that for an infinitely deep pit, i.e., for one has 

^ M and, therefore, |/f[" — > 0. 

Curves expressing (\B^) function of the probing angle <p for a filled with concrete 
pit are shown in Fig. 9.9, 
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0 15 30 45 60 75 90 



<p 



Fig. 9.9 Dependence of |i? ^ on ^ 1 = (iff ~l)i2a 



The parameter ;^m this figure is defines as follows; 






lU-l 

2u 



(9.32) 



It is seen from the Fig, 9,9 that for horizontal polarization shallow and wide pits have 
larger backscatlering and that the magnitude |/?|’ significantly differs from zero even 
at small angles tp . For narrow and deep pits and for angles (p up to 70® to 80®, the pit 
can be considered as a black body. 



For vertical polarization, the finite depth does give information on the Brewster’s 
angle effects. That is why for vertical polarization the reflection from a pit with 
rectangular walls can nearly always be considered as absent. 



9.6 Antenna pattern and fracture nilinj’ effects 

The receiving- antenna pattern gives an angular weighting over the pit walls which are 
illuminated. If the fractures have a dielectric filling, the latter are taken into 
consideration by additional reflections at the boundary with air and also by 

multiplication of with exp|-A^ Im>/f j due to the losses (y is the length of the 

ray path in the dielectric). 
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9.7 Combined model 

The next step in modeling is the simultaneous introduction of electrical and 
geometrical inhomogeneilies. One of the simplest models is shown in Fig. 9.10. 




According to this model there are four media: 

Medium I (2>0)is air 

Medium 11 a layer of homogenous dielectric with thickness h (ice, earth, concrete) 
Medium 111 y>ii; y<-fl) is a semi-infinite space of another homogenous 

dielectric (ice, earth, concrete) 

Medium 1 ^ rectangular pit with width 2a and filled with a 

homogenous dielectric (air. concrete) 
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III the general case, losses can be present in media II. Ill and IV; the media arc 
characterized by the complex relative permittivities £ 3.^3 and respectively. For 
medium I. £, ^ |. AH media are assumed to be nonmagnetic. 

For this model, we want to find the variation of the reflection coefficient with respect 
to the point of observation y , the incidence angle ^,the mode of polarization and the 
parameters characterizing the considered model, i.e., the thickness h of layer II, the 
pit width la and the clectrophysical properties of media II. Ill and IV. In the sequel, 
it will be assumed that the pit width la is much larger than the wavelength A. 
Internal ruptures in ice or in earth and ravines can be considered within the framework 
of this model. 

9. 7 , } Computation of the reflection coefficient 

A plane wave is incident at angle on the planar boundary between media I and II, 



t z 




Pig. 9. 1 1 Model of radiowave refleciiur. Observation left froiri pit. 



In order to define the reflection coefficient of the ’’illuminating wave.” we apply 
geometrical optics. This is valid, as pointed out earlier, as long as ix »A . Let the ray 
of the receiving antenna "look" at point A. which is located at a distance y from the 
middle of the pit (cf. Fig. 9.11). The field in this direction is defined by means of the 
algebraic addition of three types of rays: 
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• Type I: Rays which undergo refleciion ai the boundary between li-III and 

deflection at the boundary ML 

• Type II: Rays which undergo (multiple) reflections from boundary II-III, 

• Type III: Rays which undergo (multiple) reflections from boundary IIMV, 

Naturally, the directly reflected ray at point A must be added to the others. Fig. 9.11 
shows that, in the framework of ray theory, there are no other rays reaching point A . 
The contribution of rays of type I (which is affected by j reflections at the boundary 
IMII) is given by 

(9.33) 



where are the Fresnel reflection coefficient from boundaries II-I and III-II and 



(9.34) 



Let there be S reflections within the interval A,B,. Then, the total contribution from 



Let there be 5 reflections w 
rays of type 1 is given as follows: 

- i A, = (l - K = (l- I (9.35) 

/-I /•! ) 






The number of reflections, S , is found from geometrical considerations: 



5 = 



2h 



(9.36) 



Here, the bracket [,..] indicates the integer value of the enclosed expression, and the 
angle a is connected to the angle p according to the relationship: 

sin 0 * ^{Re ^£3 -siti^ +sin^ J3sina (9.37) 

Rays incident on the surface 5,C, have S reflections from A^B^ and M reflections 
from B,C,. 'Hie contribution of these rays assumes the form 
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/a| •“^42^12/ 



where Fresnel reflection coefficient from boundary II-IV and 

a • ciRa 



M = 



h 



(9.3S) 



(9.39) 



Rays incident on an interval further to the right (right of C^) have 5 reflections on 
M reflections on B^C^ and 1, 2, 3 ... reflections on the interval ^Cj ..,<>«j.The 
contribution of these rays is 

- y-j 

(9.40) 

The total ray contribution becomes 

f = .r, 2 +y, +7, + ^ 

Using the Eqs (9.35). (9.38), (9.40) and some algebraic transformations, Eq. (9.41) 
can be written as 



=z,^+(z,„-z,„XRi2R,2y^}[i-(R,2i?42yTj (^•‘*2) 

where Z,,, and Z,., are the Fresnel reflection coefficients from the homogeneous 
layer-like structure. 2„j for example, is defined as 



(9.43) 
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if 5-^00 (far from the pit) and when A/ 0 (an infinitely narrow pit), Eq. (9.42) 
shows that , as expected. In the case that M coand S w 0 (a very wide 

pil). /, -»Z,24 . 

Now, let us consider the case whereby the receiving antenna "looks” at the pit 
projection, j.e., S =0. (cf. Fig. 9.12). 



♦ ' 




Rg. 9.12 Model of ladiowavc reflection, Observation at the pit 



By analogy to the previous case, corresponding relationships can be derived. Incident 
rays on the interval /CiC, have reflections. That is why the field defined by these 
rays is given by 



A A,2A42f 



r 



(9.44) 



where N is defined by an expression similar to that in Eq, (9.36), viz.. 
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^_ {a~yy-tsa 

2h 



(9.45) 



Incidem rays on an interval further to the right of point have N reflections on 
and 1, 2, 3 .... reflections on the interval ,<>«]. The resulting field defined by 
these rays is 










(9.46) 


The total field yields 






/j FJ* +^5 




(9.47) 


which can be transformed into 










(9.48) 


As follows from Eq, (9.48) when » (an infinitely wide pit), 

when yv ^ 0 (an infinitesimal narrow pit), I-, Zy-iy 


and 



Let us finally consider the case where the antenna "looks" further to the right of the pit 
(see Fig. 9.13). 
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The expression for the total field can be written as 

_ 

l-R„Ry.y 



(9.49) 



As expected, we obtain an expression which coincides with the known reflection 
coefficient from a homogeneous layer. 

Relations (9.42), (9.48) and (9.49) allow us to compute the reflection coefficients for 
structures in the proposed model within the framework of ray optics. The reflection 
depends on angle and line of sight of the receiving antenna, on the electrophysical 
properties of the various media and on the mode of polarization. 
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9.8 Conclusions and applications 

This chapter deals with an investigation of electromagnetic wave reflection from 
surfaces that have cracks, fractures and other irregularities. The determination of the 
reflection coefficients from such types of surfaces is effected by means of the methods 
of the diffraction theory. However, if the assumption is made that the dimensions of 
the surface irregularities are much larger than the wavelength, then there is a real 
opportunity to solve the above-mentioned problems using geometrical optics methods. 

As a first model, we considered a symmetrical wedge-like crack, which was 
illuminated (at a random angle) by a plane electromagnetic wave. When solving that 
problem, we took into consideration the effect of multiple reflection of the wave from 
the crack walls. We also included the fact that local coefficients of reflection depend 
on the complex permittivity of the reflecting walls and the angle of incidence of the 
wave on them. The solution of the problem showed that the total (integral) 
coefficients of reflection for vertical and horizontal wave polarizations substantially 
differed from each other. With vertical sensing, the crack may be considered in terms 
of reflections as a black body for wedge angles of 40-45 degrees in the case of 
horizontal polarization and for wedge angles of 75 degrees in the case of vertical 
polarization. When considering a nonsymmetrical wedge-like crack, the structure of 
the derived formulas is not affected, but the number of local reflections from the crack 
walls is subject to change. 

As a second model, we considered spherical-form hollows. In that case, also, the final 
reflection coefficients of radio waves with different polarizations substantially differ 
from each other. The reflection coefficient depends on both the complex permittivity 
of the pit walls and the ratio of the pit depth to its radius. 

As a third model, we considered a rectangular- form crack with finite depth. For a 
horizontal polarizadon of radio waves, the coefficient of reflection .sub.st anti ally 
differed from zero even with small angles of incidence for non-deep and wide 
hollows. Nanow and deep hollows (with the angle of incidence up to 70^ - 80^) may 
be considered as a blackbody. For a vertically polarized radio wave, the model of the 
hollow with the form of a rectangular pit with finite depth resulted in no reflections. 

We analyzed a combined model that took into account the presence of four media. As 
such models, we considered air. an electrically uniform layer with finite depth, an 
electrically uniform semi-infinite space with different permittivity and a rectangular- 
form hollow within the semi-infinite space having its own permittivity. It was also 
assumed that the width of the hollow was much larger than the wavelength. When 
solving that problem we took into account reflections of three types: reflection from 
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the boundary of the second and third media, reflection from the inner surface of the 
hollow and reflection from the outer surface of the hollow. 

For the combined model we derived design relations which allowed us to determine 
the reflection coefficients of electromagnetic waves from the analyzed structure for 
different modes of wave polarization, different permittivities of the media, and also 
the angle, at which the medium was analyzed. The final reflection coefficients were 
expressed in terms of local Fresnel reflection coefficients for homogeneous media. 

Thus, we derived the reflection coefficients of radio waves with different modes of 
polarization. The derived results included reflections from a wide class of natural 
earth covers (both of artificial and natural origin), with various geometrical 
irregularities. The variation of the reflection coefficients strongly depends, in general, 
on the angle of illumination, the illuminated area, the mode of radio wave polarization 
and other factors; so it is potentially possible, when carrying out earth surface sensing 
on the basis of the results of measurements of the reflection coefficients, to identify 
the types of earth surface at least for wedge-like cracks and spherical and rectangular 
hollows. Our results may have practical applications, for example, when carrying 
remote sensing of sea ice, especially in Arctic and Antarctic regions. It is important 
for scientific expeditions is such regions to be informed of the presence of fractures 
and their structure on the surface of both continental and sea ice. It is, also, necessary 
in terms of working safety, provisions and the possibility of finding places of landing 
of airplanes and other aircraft. 

The derived results may be also useful when investigating the state of drainage 
systems for agricultural needs, various irrigation systems, canals and other water 
development facilities. Terrain topographical map- making for the purpose of finding 
irregularities in surface smoothness is not a less significant field of application. 

It should be noted that the derived relations to a certain extent may help to solve 
problems of determination of possible depth and width of fractures and pits located on 
the earth surface by means of remote sensing methods. It is connected with the fact 
that electromagnetic reflection coefficients differ substantially for narrow, deep and 
small, and wide rectangular hollows. This fact may be used in mountain regions, in 
canyons and other types of earth surface with complicated terrain. It is evident that 
many of the enumerated results may be used when carrying out various rescue 
operations, particularly in the aforementioned mountain regions. 
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Scattering of Waves by a Layer with a Rough Boundary 



10.1 Introduction 

In this chapter, the analysis of electromagnetic scattering from a surface layer with 
rough borders is canied out. It is well known that the degree of roughness essentially 
influences the process of interaction of the radio wave with the surface. It is assumed 
that the surface roughness is described by some random function of the space 
coordinates. Appropriate equations for the scattered fields and their solutions are 
discussed. These are illustrated by examples using the first and the second-order 
approximations discussed in Chapter 5. Algorithms for higher-order approximations 
are constructed carefully. Strategies for construction of scattering diagrams are 
considered and some particular results are indicated. 

A method for evaluation of the parameters characterizing the vegetation by an 
ensemble of coaxial cylinders is carried out under the assumption of small-scale 
roughness. An important role is played by wave polarization aspects as described in a 
special section. 

The coherent scattering of horizontally polarized waves by a finite layer of vegetation 
covering the ground is studied. The layer itself, as well as the ground, are considered 
to be homogeneous, isotropic. lossy, dielectric media. However, the vegetation-air 
interface is modeled as a randomly rough surface. Separately, the randomness of the 
vegetation layer itself is considered by means of a model involving an ensemble of 
co-directional cylinders. 



10.2 Initial equations and solutions 

Here, the problem is considered of determining the field reflected by a rough surface 
as function of clectrophysical. statistical and geometrical properties of the structure. 

The following electrodynamic model is considered. There is a homogeneous layer 
with thickness/! (medium II, Figure 10.1) on an underlying half- space (medium III). 
On the other side, the dielectric has its boundary with medium I (air). This boundary 
is described by a random function: 

z = (10.1) 



2S7 
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All media arc assumed infinite in the x and v direction and their relative 
permeabilities are assumed to be equal to 1. A plane electromagnetic wave is incident 
from medium 1 at an arbitrary angle ^ with respect to the vertical axis z 

The reflected field in medium 1 has to be determined. It is known from experimental 
data that small-scale roughness (relative to wavelength) does not influence the 
reflection appreciably for vertical polarization. That is why the example of a 
horizontally polarized wave is considered here, with 

£ = ( 10 . 2 ) 

As the relative permittivities of all media are assumed to be constant 
^amst, s » 1,2,3) , fields to be determined satisfy the following equation; 






(10.3) 
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For solving (10.3) the small-perturbation meihod will be used. i.e„ the influence of 
roughness on media MI boundary will be considered as a perturbation superimposed 
on the field obtained under the assumption that there is no roughness. i.e„ 

(10.4) 

where a is a small dimensionless parameter(a « I). 

We construct the following equations and inequalities: 



^ = q^(jr,y)«l 

dj ^ ^[x,y] 
dx dx 



«i 



(10.5) 



dy 



« 



The conditions at the interface between media I and 11 will take the form 



[(^'l -t'2)-JI«] = 6 
[(W|-W2)'*n] = 0. ai z = ^{x.y) 



( 10 . 6 ) 



where n is the outwardly directed normal unit vector to the surface " * { (a*, >*). The 
conditions (10,6) can be written explicitly as 



>,=0 

(£„-£,, K -(£„-£,>,=0 

K-w.,K-K-w.=K-o 



Note that two more equations result from (10.6); however, they are not needed for the 
following discussion. The components of the normal vector n to surface ^ {x. y) are 
equal to 




290 



Chapter 10 




Wi(h ihese equaiions, (10.7) becomes: 

We now presem ihe lolal fields respeciively) in the form 






( 10 - 8 ) 



(10.9) 



( 10 . 10 ) 



If one substiiules (10.10) into (10.9), the discontinuity of the fields (and rfj are 
determined on the surface which coincides with the plane 2 = 0. 



The roughness of the upper boundary of medium 11 is taken into account via the 
boundary conditions (10.9) which contain the fields as well as the derivatives of ^ . In 
addition lo the boundary conditions (10.9), the fields must satisfy the boundary 
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conditions at r = -A; specifically, the continuity in the tangential components of E 
and H , viz.. 






( 10 . 11 ) 



Furthermore, Maxwell's equations require that 

divE, = divH,=0 (10.12) 



The problem, thus, is reduced to solving equations (10.3) and (10.12) under 
conditions (10,9) and (10.11). with an incident wave described by (10.2). 

A sequential approximation method is used with the non-perturbed field: 

£o. = + 

i- ^ (10.13) 

Cq 3 — yc le 



The reflection coefficient R, the transmission coefficient T and the constants 1), 
and D-. are connected by 



! + /?= Dj + Z>. 

(i - fi)cos/f ^ (D, - - stn’ ^ 



(10.14) 



relations resulting from the boundary conditions. 

/O.2 . } First-order approximaiion 
The first-order approximation 

E,2 4+(t4 (10.15) 



is substituted into (10.3). We find, then. 
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A-£,, + A-oV,E|,=0 (10.17) 

For solving (10.17), the following transverse spectral represeniaiions of are 
needed: 






(10.18) 



Substituting these equations into equation (10, 17) results in 

+ = 0 (10.19) 

where M{z) represents C| ^ 3 * solution of (10.19) can be written as 

W(j)=M,tf'“'‘+Af2e'“2= (10.20) 

where vectors dependent only on and p, and 

( 10 . 21 ) 



The radiation conditions in regions 1 and 111 and the interference of forward (+r) and 
backward (- 2 ) components in region Hallows us to rewrite Eq, (10,18) as follows: 
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B,^=Jji^,e“’dp,dp, 



( 10 . 22 ) 



where 



p - + Pi}] 

i={p,.p^.yjK^ei-(pf + pl)) 

•'=ifi’Pz-f^i^7-ipn~p!)) 

? = (pi.p,,V>fof,-(pf + p; )) 
r 9 xi + yf + zk 



( 10 . 23 ) 



and are vectors dependent only onp, andp^. Since £, is complex, in 

general, care must be taken so that Im(s 2 } >0in region III. 



Since 

* —VxE (10-24) 



we obtain 



1 

^uj = j / 



-r^Aip^dp^dp, 



where the index / means x,y,i. 



( 10 . 25 ) 
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From (10.22) (b), we wriie 

+ E'[ 

where 

Eu = jjB,y''dp,dp, 

are derived from Eq. (10.22). 

Consider, nexi, the divergence equation V • £ * )* 0 . Assuming that 

V • £'^ - 0 ^ we obtain 

V.(£|'2 4£',) = 0 (I(U8) 

There is no restriction in requiring that 

V.£,'2 =V-£'2 =0 (10.29) 

Substituting (10.22) into (10.1 1) and taking into account (10.13), (10. 14) and (10.23), 
we obtain 

(p-c„) = (r-A,2) = (r-s,2) = (A.I,,,} = n do.30) 

and 



(10.26) 



(10.27) 



(10.31) 
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where 



a = e-"^‘ 

y = 

a' = e-'^ 



( 10 . 32 ) 



The unknown conslanls can be determined by using the boundary conditions at - = Q, 

vit. 






Substitution of (10.22X (10.25) and (10.26) into (10.33) yields 
- A^2:)-Mi2x +PjCnJ = 0 

(pjC,,, +P3C,,.)-(p,Aj, +'3-B.3,)=Cf, 



( 10 . 33 ) 



( 10 . 34 ) 



where a, =/Afj(l + R)[\ - f^)N(/7,,/?.)and N[p^.p-^) defined through the Fourier 
transformation 



= \jN{p,.p,)e‘'^‘*^-'^dp,dp, ( 10 . 35 ) 

There are 12 equations in (10,30), (10.31) and (10.34) for determining the 12 
unknown values 4,2,^i2iCn,£,3. 

10.2.2 Second-order approximation 
The field in a second-order approximation is described by 



( 10 , 36 ) 
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where for second order terms il is necessary lo replace in (10,22), (10,25), (10.30) 
and (10.31) by 

M -H —,H +ff // 

"21, "a,- («llz+"l^^)J^-/ ^ 

V / 

(10.37) 

If have been determined first, then by using (10,30), (10,31) and 

(10.34), the second order terms will follow. 

10.2.3 Scattering diagram 

In the ca.se of scattering from a plane surface, the angle of reflection equals the angle 
of incidence. Reflected fields arc observed also in other directions due to the presence 
of surface roughness between media I and II. 

A plot of the angle dependence of the reflected power is called the surface scattering 
diagram. This scattering diagram defines D as the statistically averaged power 
reflected in an infinitesimal space angle A.G , i,e,, 

D = — (I0.3S) 

AS2 

For an incident wave with horizontal polarization, the reflected field vector 
component co-linear with the incident field vector is given by 

sin^ + £|^. cos^ (10.39) 

where the angle <p is the scattering angle. The statistically averaged power P in a 
first-order approximation is determined from the reflected field as follows: 

p = = (T Et, sin v>+ 



( 10 . 40 ) 
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Wilh reference to (10.22), may be expressed through the correlation function of 
However, (10,30), (10,31) and (10.34) lead to rather cumbersome equations 
for Cji. Taking into account (10.22) and (10.35), the averaged power can also be 
written in the form 



P = j JJJ'f (Pi.P 2.«P)^*(A ’.P2'-«’)/V(Pi,p2)^’(pr-P/]x 

L ' ’ (10.41) 

xcxp(i[(p, -pi ')x + (p2- P2^)y-{p2-Pi')z])dp^dp2dp'idp2 

where is defined later. From (10.35), we know that 

N{Pi.P2)N’{p,\p2') = —^S{p,.P2)5[p2-p,',P2-pA (10.42) 

{In) ' > 

where is the Dirac delta function and 



(10.43) 

D 0 

with 

R(j, >■)=/?(! A, - A, |.| >•, -;<3 |) = /(a|. y, )/■(-*:■ y-) (I0-44) 

the conelation function of the surface roughness (assumed a stationary random 
process). 

Substitution of (10.42) in (10.41) gives 



.2 — 



P - 









(10.45) 



with 



p^ = K() 8in@cos99 

p, = Ar^>$in0sin^> 



(10.46) 
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where ihe angle 0 is ihe spatial angle. The Jacobian of the variable transformation 
yields 

dpy<ip2 = ^0 = KI cos QdCl ( 10.47) 

Comparing (10.38) and (10,47), the scattering diagram D becomes 

p = cos^ (10.48) 

(It:)' 

In the plane ^ = 0 , we write 

|«t*(e,9»^’=|c, ',(>)!' (10.4V) 

where Cf,(y) coincides with C’u(>') under the condition that the value ofj in (10.34) 
is replaced by: 

With (10.32), (10.41), (10.46). (10.47) and (10.49), we find 




^o1 



^1 



-e,l 



cosd+ Jf, - sin* 0 

^ ■ 1 + 0 * 






where 



<10.51) 



and 

I r"7-r I “TT 

-Js, -sjn' + ^£, - sin' 0 



(10.52) 



(10.53) 



One can show that: 
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COS '-sin" p- j 






Therefore, 



D[(Sy&) = - £j|^ cos^ cos' 0 X 

[2n) 



[ ^ Ua'-(0)R,„(9) 

j|i?(x.)>)cos{A:o*( sinO ” sin p)^ixdy 






L + a^(0K„(0) 



(10.54) 



(10.55) 



For a parlicular correlaiion funciion, one can derive Ihe explicit dependence of the 
scaiiering diagram D on the siaiisiical properties of the surface. The expression for 
the ‘inverse’ scattering diagram can be obtained if 0=-£l is substituted in (10.55). 
As an example we assume no loss and a surface-roughness correlation function 






47tr' 



(10.56) 



where ris the correlation radius. For simplicity, the calculation is only done for a 
structure with a rough upper boundary and the result becomes 



D(^,&) = -^^|l-£2|^cos^^cos^0exp(- (sin^-sin^)' 
{in) ^ A 






n-a^(eK^(6) 






(10.57) 
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Inverse-scaliering diagrams are shown in Figs 10,2a and 10.2b. As can be seen from 
these figures, the inverse-scattering diagram is strongly dependent upon the 
correlation radius r relative to wavelength A (see Fig. 10.2a) and upon the layer 
thickness h relative to wavelength A (see Fig, 10.2b). The layer thickness effects can 
only be disregarded at small values of r/A (see for example; the layer model as 
shown in Fig, 10.3). As the layer thickness is increased, the inverse-scattering 
diagram becomes gradually wider. The physical interpretation is that by increasing 
the layer thickness, the scattering volume is increased. This causes a widening in the 
scattering diagram. 




Fig. t0,2a 1nvcT>c*M:anering diagram A B cos' /I IVA, = 3 

l)r/A»0 2)r/A*0.5 5 )a/A*50 
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Fig. 10.2b Inverse-scaitering diagram r/XsQ 
KCO%p B.COs^^ I)A/A»500 2 )/i/A» 2 3)ft/A=0 
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10.3 Model parameters <if an ensemble of co*directional cylinders 

J0.3.I Radar backscattering matrix of a vegeiation-earth two- layer system 
The analysis of coherenl scallcring from a vegetation layer means that a scattering 
matrix S bas to be constructed for the (vegetation-earth) two-layer system. This 
analysis of backscaller is based on the physical layer model described in section 10.2 
of this chapter. The monostatic radar back scattering matrix can be written in the form 

S = fkf (10.58) 

A 

Here, T describes the polarization state of the coherent field of the incident wave. In 

A 

the absence of anisotropic attenuation, the expression for matrix T in linear 
polarization can be written in the form 




0 



iH 

g LCOSH 



(10.59) 



H is the thickness of the vegetation layer, 0 is the incident wave angle. L is the 
extinction length of the electromagnetic wave in the medium and ^(p is the 
additional phase difference between waves with orthogonal polarizations after a 
single transmission through the vegetation layer. 

Matrix R describes the wave reflection from the interface with the earth. An explicit 
form of this matrix can be derived for a rough boundary vegetation earth surface with 
small-scale irregularities when the scattered field can be evaluated by means of the 
method of small perturbations. The scattered field has the following form 

(p-E)»^-^[A(p'Po)+5(rt-p)(npo)]' (10.60) 



where r denotes the distance between radar and target. In this expression, is the 
vector which determines the field orientation of the radar wave with linear 
polarization; p is the vector corresponding to the component of the scattered field 
with a polarization which is analyzed; H is the normal vector to the averaged surface; 
v(p) characterizes the profile with small-scale roughness C(v(p) = 0)). Furthermore, 
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fl = 2(^-1)' 



<l+d 

a'b 



[b + +i>) 



(10.61) 



where a = cos6j fc = vf— f being the soil permittivity. ,9gis the projection 
of the illuminated surface on the averaged interface of the two media. 

Omitting common factors, we derive 



A+B 

Bco&O 



BcosO W 1 v' 

A + Bco^6 i.v a 



(10.62) 



This formula for the matrix R is symmetrical = R^^), with unequal diagonal 
elements. Substituting (10.60) and (10,62) into (10.58) yields 




(10-63) 



As in (10,62), the common factor is omitted, the non-diagonal elements for arbitrary 
roughness can be complex. 

Information of interest is found in the arguments of the different diagonal elements of 
(10.63) describing the additional phase of the waves with polarization. The possibility 
of experimental determination of this value by means of remote sensing methods will 
allow us to calculate values of a dimensionless parameter characterizing the effective 
density the biomass layer thickness and the biomass electrodynamic properties (see. 
also, Chapters 6-7 of this monograph), 

10.3.2 Radar polarization effects 

For analyzing the phase shift of backs cattered waves with orthogonal polarization in a 
vegetation layer, we make a transition to another polarization basis. The main 
requirements for the new basis can be formulated in the following way: 

• Phase shift Atp should contribute (in the new basis) not only in the argument but 
also in the magnitudes of the matrix elements. 
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• A new basis should not be exotic; it should be e^sy (in a technical sense) to realize 
these polarization states. 

« A circular polarization basis meets the above requirements, as shown below. The 
transition to the new basis can be carried out with the use of an unitary matrix Q: 





so that 



Sc = QS,Q^ 



( 10 . 64 ) 



( 10 . 65 ) 



where C stands for circular and L for linear polarizadons. Q“ is the Hermitean 
conjugate of the matrix Q. 



The expression for the scattering matrix in a circular polarization basis becomes 






e“^+a-e-‘^ 



e“^-a e-“^ + 2iv 









( 10 . 66 ) 



This matrix may be represented by the sum of a diagonal matrix if and an additional 
matrix ! 




( 10 . 67 ) 



^ maintains the polarization of the incident field and changes the field into the 
orthogonal polarization. 

Receiving and transmitting with the same specified circular polarization means that 
the scattered field component with the non-diagonal part in the scattering matrix is 
filtered out. In this case, it is sufficient to change the radar equation so that we 
multiply the gain of the antenna with the complex factor A * 
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( 10 . 6 $) 



The squared modulus of A is proportional to the received power of an antenna with 
circular polarization. It can be shown that when applying linear and circular 
polarizations, the received powers I ^ and have the following ratio: 



Ic 



A. 




(l+a*j+acos2Agj 



(10.69) 



Here, q? = ^ A and B are given by (10.61) and and arc measured 

A + 

experimentally. This approach allows us to calculate the value of the phase shift 
determined by the vegetation cover. The plot of / = is shown in Fig. 10,4. 




Pig. 10 4 Dependence of Ton 6q) 



10.4 Conclusions and applications 

The investigation of radio wave scattering from a surface layer with the presence of 
roughness has been the main subject of this chapter. In general, surface roughness, 
assumed to be described by a random function of the space coordinates, affects to a 
great degree the process of interaction between radio waves and the surface. 

As a whole, the problem was formulated as an investigation of the process of radio 
wave reflection from a rough surface as a function of the electrical, physical, 
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statistical and geometrical characteristics of the surface. We used a three-layer 
medium as a surface model. The first layer is air, the second is an electrically uniform 
layer with rough boundaries and the third one is assumed to be an electrically uniform 
space. All three layers are assumed to be infinite in the X and Y directions. A plane 
electromagnetic wave illuminates the surface at a certain random angle relative to the 
Zaxis. Since the influence of small-scale roughness (with respect to the wave length) 
on a reflected wave with vertical polarization is weak, the investigation was confined 
only to the study of this influence to a wave with horizontal polarization. 

In order to solve the problem, we used the method of small perturbations 
supplemented by the introduction of a convenient small space parameter. In solving 
the respective equations, the roughness was taken into account by introducing it into 
boundary conditions. Then, we used the method of successive approximations in 
order to derive the solution needed for the calculation of the reflected field from the 
underlying structure. At first, we used a first-order approximation. As a result, we 
derived 12 equations for the determination of 12 unknown quantities characterizing 
the process of reflection. Similarly, we derived and solved the respective equations in 
a second-order approximation. By carrying out the first-order approximation, we 
found the scattering diagrams determined as the angular distribution of the averaged 
power of the reflected wave. In addition, we constructed the diagrams of inverse 
scattering under the assumption that the correlation function of surface roughness was 
exponentional in character. The scattering diagrams showed a strong dependence on 
the ratio of the correlation radius to wavelength. An increase of the layer thickness 
resulted in a wider diagram of inverse scattering. 

We also considered the processes taking place in the case of electromagnetic wave 
scattering from a two-layer structure. As a specific example of such a model, we 
analyzed a vegetation layer located on the earth surface. 

It is important to determine the phase shift between orthogonally polarized 
components of the field when passing through a vegetation layer. This is due to the 
fact that knowledge of such a phase shift gives us a potential opportunity to determine 
the density and the thickness of biomass of a vegetation layer and its electromagnetic 
characteristics. In this chapter, we have illustrated that when it is possible to measure 
the received scattered radio waves conesponding to linear and circular polarizations, 
the ratio of these quantities is connected with the phase shift by means of an equation, 
which includes the soil permittivity and the angle of sensing as parameters. 

The results derived in this chapter may have a number of practical applications. Most 
of the results related to problems of remote sensing do not take into account the 
influence of surface roughness due to analytical complexities. Therefore, in spite of 
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the fad (hat the proposed approach is complicated and tedious, it allows us to derive a 
strict solution of the problem which takes the influence of surface roughness on the 
scattering of radio waves into account. Substituting in the respective equations 
appropriate random functions describing the surface roughness, we can construct 
physically useful diagrams of radio wave scattering. 

Knowledge of inverse scattering diagrams, determined by the character of surface 
roughness, is very important for distinguishing the influence of the main factors in the 
process of radio wave scattering. Ibese factors include the influence of the surface 
permittivity and the influence of the roughness at the boundary between different 
media. Since the permittivity is connected with the electrical and physical properties 
of (he surface and its knowledge is the key factor for solving the inverse problems of 
remote sensing, it is important to be able to distinguish the influence of the variations 
of the permittivity and (he influence of the surface roughness on the scattered field 
characteristics. 

The results presented in this chapter show that, to some extent, we can distinguish (he 
above-mentioned factors of influence when sufficiently mild conditions are met. 

The formulated conditions permitting the determination of (he phase shift occurring 
between the orthogonal polarized components of the field when passing through a 
vegetation layer may have practical applications. As pointed out above, knowledge of 
this phase shift allows one to determine the density and the thickness of biomass of a 
vegetation layer, two quantities that can aid one to predict the yield of agricultural 
crops and determine the degree of their ripening. Furthermore, knowledge of the 
density and the thickness of biomass of a vegetation layer allow us to determine other 
significant biometric characteristics. 

For solving the above-mentioned problem, it is necessary that the radar of the remote 
sensing system be able to radiate a linearly polarized wave and a wave with circular 
polarization. Presently, radars used in remote sensing systems are available to radiate 
such waves. 




CHAPTER 11 



Polarimetric Methods for Measuring Permittivity Characteristics 

of the Earth's Surface 



11.1 lutroductioii 

A principally new method for delennining the complex dielectric permittivity of 
layered media arising in remote sensing problems is considered. It is shown that a 
relative comparison of the voltages and the phases of the signals in the orthogonal 
channels of receiving devices allows us to determine the desired complex dielectric 
permittivity for a wide class of layered media. This method permits us to construct a 
special sphere (referred to as KLL-sphere), each point of which displays a certain type 
of an earth surface. The distinction of the different types of earth surfaces depends on 
the complex dielectric permittivities that are involved. The KLL-sphere properties are 
investigated in detail. In particular, a rule is established for changing the earth surface 
‘'images" on the KLL-sphere as the real earth surface physical and chemical 
characteristics vary. 

Environmental studies and ecological monitoring are among the main tasks of natural 
sciences. Remote sensing is a modem method for solving such problems. The 
determination of physical, mechanical, chemical, and other properties of the 
environment and. in particular, of layered media may be carried out by means of 
remote sensing. In order to solve these problems, we have to analyze the 
characteristics of radio waves scattered from sensed objects. The aforementioned 
characteristics are determined by geometrical parameters and the complex dielectric 
permittivities of the analyzed objects. At the same time, the complex dielectric 
permittivities are determined by physical, mechanical, chemical, and other properties 
of the analyzed objects. Therefore, the knowledge of the complex dielectric 
permittivity allows us to determine the main characteristics of these objects. Although 
the determination of these characteristics is the fundamental inverse problem (i.e., 
such problems belong to the class of ill-defined problems), the only way to solve 
remote sensing problems consists in the complex dielectric permittivity determination. 
So, we have to find methods which would allow us to determine the complex 
dielectric permittivity with maximum accuracy imd reliability. 

In this chapter, a new approach for determining the complex dielectric permittivity is 
offered. It is based on the fea.sibility, established by the authors, of determining these 
characteristics from the results of relative meitsurements of signals in orthogonal 
channels of the receiving device (ratio of voltage and difference in phases). As it is 
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shown below, in order lo realize such a feasibility il is necessary lo irradiate an 
investigated surface by an electromagnetic wave with a special kind of a polarization. 
Thus, the measurement may be confined to only one (!) pulse. 



11.2 Determination of the complex permittivity 

Tbe available methods for the determination of Ihe complex dielectric permittivity are 
characterized by a number of principal difficulties. These difficulties are connected 
with the necessity to conduct absolute measurements, and to know true distances from 
analyzed objects. As a result, we can only determine the reflection coefficient with a 
substantial error. Therefore, Ihe permittivity itself can be determined with a 
substantial error only. 

In the present work, we propose a principally new method for the determination of the 
dielectric permittivity of layered media arising in the problems associated with remote 
sensing. In order to explain the physics of the proposed method, we first consider a 
smooth surface. By means of this example, we shall show how it is possible to 
determine Ihe relative dielectric permittivity (the real and imaginary pans of the 
complex relative dielectric permittivity) of the analyzed surface using only relative 
measurements. 



The Fresnel formula for the reflection coefficient assumes the form 






COS0 






sin^fi 



cosd + 7f “-sin^0 



ecos0-V£-sin^0 

^vp - ” I 7 ^— 

ve -sin^ 6 



(11,1) 



( 11 . 2 ) 



for horizontal and vertical polarization, respectively. In formula (11.2). a minus sign 
is placed before the fraction in order that, for vertical surveillance ^0 = 0), when 
horizontal and vertical polarizations do not differ, formulas ( 1 1 .1) and (1 1.2) coincide. 



For further analysis it is reasonable to derive the relationship between Ihe Fresnel 
reflection coefficients for the two polarizations. If in formulas (11,1) and (11.2) we 
eliminate £ , the desired relation is given by 
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HP 
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(H.3) 



A dislinclivc feature of this formula consists in the fact that il directly connects the 
Fresnel reflection coefficients and the surface surveillance angle. We introduce, next, 
the following notation: 

/=^ ( 114 ) 

^UP 

The parameter f is called the polarization ratio. An important property is that /' is 
equal to the ratio of the voltages of the signals in the orthogonal channels of a 
receiving device. The polarization ratio can be easily and quite accurately measured. 
We have to take into account that the polarization ratio is a complex number, i.e.. it 
depends not only on the ratio of the powers of the signals, but it is determined also by 
the phase difference of the signals in the orthogonal channels of a receiving device. If 
these channels are identical (in attenuation and phase incursion) and the directional 
properties of the antenna are the same for the orthogonal components of the wave, the 
polarization ratio does not depend on the distance from the analyzed surface and the 
antenna gain. This property allows us to determine the complex dielectric permittivity 
not knowing the distance and the antenna characteristics. Thus, the reflection 
coefficients can be uniquely determined using the polarization ratio derived by 
relative measurements. 



Using Eqs (11.3) and (11.4), the reflections coefficients can be expressed in terms of 
the polarization ratio as follows: 



_ cos2^-/ 
" 1- /’cos26^ 






cos2(?- / 
i'/cos2^ 






Knowing the polarization ratio, we can determine the complex dielectric permittivity 
using formulas (1 1.1) and (1 1.2); specifically, we obtain 



€ = 



1 + 
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(11.6) 
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Thus, relaiive measurements allow us to deierminc both the reflection coefficients and 
the complex dielectric permittivity (real and imaginary parts of the complex dielectric 
permittivity) of a layered medium. 

Next, we express the polarization ratio in polar form, viz., 

/=i/r (11.7) 

We derive the following relations using Eq. (1 1,6): 



Rcc s 
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2 - 



(11.8) 



These formulas allow us to evaluate the errors in determining the desired parameters. 
The results and the above drawn conclusions can be used for other types of layered 
media. The following examples will make these statements clear. 

In the case of a one-position radar, the reception and transmission are carried out at 
the same antenna. If a layered medium is a smooth infinite plane, the reflections in the 
direction of the antenna are absent. The presence of surface roughness results in the 
appearance of waves propagating in the direction of the antenna. For many types of 
layered media modeled by rough structures, the reflection coefficient in the direction 
of antenna is the product of two multipliers [Bogorodsky, 1985; Kozlov, 1997; 
Zhukovsky, 1979]. The first multiplier, as a rule, is a certain function depending only 
on geometrical characteristics of the analyzed surface (the statistical parameters of 
medium-height roughnesses and the tilting angle, their dispersions and correlation 
distances, the illuminated area boundary, etc,) In most cases, the dependence of this 
multiplier upon the type of polarization is weak. The second multiplier is, as a rule, 
the Fresnel reflection coefficient [cf. Eq. (11,5)] corresponding to the "mirror ’ angle. 
The polarization ratio is determined by Eq. (1 1,4). This allows us, also in this case, to 
apply formulas (11.6) and (1 1.8) for the determination of the dielectric permittivity. 

More complicated models give more complicated relations for the determination of 
the desired reflection coefficient in the direction of the antenna. However, practically 
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in all cases, this refleclion coefficient is connecled with the complex dielectric 
permittivity of a layered medium only by Fresnel’s coefficients for the "mirror" angle 
[Bogorodsky, 1985; Kozlov, 1997; Zhukovsky, 1979]. This allows us (at least in 
principle) to experimentally determine the complex dielectric permittivity e using 
relative measurements of the voltages and the phases of the signals in the orthogonal 
channels of a receiving device, i.e., using the polarization ratio. 

Thus, the results derived in this chapter offer ample scope for the remote 
determination of the complex dielectric permittivity of layered media. The principal 
distinction of the proposed method consists in the fact that it is based on relative 
measurements of the voltages and the phases (amplitudes-phase difference ratio) in 
the orthogonal channels of a receiving device. Such measurements can provide small- 
error results. Therefore, the dielectric permittivity calculated using the results of these 
measurements can be also determined with high accuracy. 

In [Bogorodsky. 1985], several models of rough surfaces were proposed. Let us show 
that for some of them it is possible to determine the complex permittivity by means of 
carrying out the corresponding relative measurements. We begin the consideration 
with Model 1 in [Bogorodsky, 1985]. Model 1 covers the following classes of 
underlying surfaces: The surfaces ^(.r.y) are large-scale smooth 

flat-lying with a random roughness <?/A on the 

average plane = 0, where Pa^Ptor ^ radii of curvature and correlation of the 
surface, and a is the mean square height of roughness. This model describes 
unplowed fields, hilly terrain without substantial vegetation, water surfaces with high 
waves, etc. 

After some transformation of the formulas indicated in [Bogorodsky, 1985] for Model 
1, it is possible to write the expressions for the scattering matrix eigenvalues, viz.. 



A, »- 



a,n. 









(11.9a) 






vr 



(11.9b) 



The parameters a, , flj , f/ » Jire determined by the statistical characteristics of the 
rough surfaces [Bogorodsky, 1985]; specifically, we have 
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Therefore, in an eigenpolarizaiion basis, Ihe ratio of voltages in the orthogonal 
channels of a receiving device determines the parameter / . This allows us to 
determine Ihe complex permittivity of the underlying surfaces that can be described 
by Model 1. 

The derived relationships determine ihe principal scheme for the determination of the 
complex permittivity. The first step consists in Ihe selection of a type of polarization 
of Ihe radiated wave, such that the cross component of the reflected wave disappears 
(actually, it becomes very small). This selection may be carried out by means of using 
the type of total polarization scanning. The second step consists in the selection of a 
type of polarization of the radio wave, such that Ihe orthogonal components in the 
eigenpolarizaiion basis of the matrix S are in phase and have equal powers. The third 
step consists of the measurement of the ratio of the differences of phases and 
amplitudes of the voltage in the orthogonal channels of a receiving device. The latter 
allows us to determine the desired ratio / and then to determine the complex 
permittivity. The knowledge of the polarization ratio also allows us to determine the 
ratio of statistical parameters r}/y is given by 
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where f/,,, i/., are the voltages in the orthogonal channels, measured in the 
polarizaiion basis (HP- VP). 



Let us now consider Model 2. This model covers the following classes of underlying 
surfaces [Bogorodsky. 1985]: The surfaces are small-scale / /i <]), flat-lying 

3nd slightly rough (a/A«l) on the average plane =0. This 
model describes concrete, asphalt, sand and gravel layers, calm water surfaces with 
small ripples, smooth sleppes with low vegetation in the centimeter and longer 
wavebands, etc. 
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In [Kozlov, 1998], ihc following formula for Ihc polarization raiio is derived: 



/ = -sin”9 ± Jsin'*^ + 2^^cos^0 “1 



(1M2) 



Thus, for surfaces described by the Model 2, the complex permittivity determination 
method based on relative measurements in orthogonal channels of a receiving device 
remains valid. The principal aspects of the application of this method are the same as 
in the case of analyzing smooth surfaces. As a sensing wave, it is possible to use a 
radio wave with LP~A5 ora wave with circular polarization with the corresponding 
correction of the phase ratios. 

Let us now consider Model 3. This model covers the following classes of underlying 
surfaces [Bogorodsky, 1985]: The surfaces are complex (continuous or discontinuous) 
characterized by small-scale inegularities on lop of large-scale irregularities 
+ v))- This model describes rough water surfaces, deserts 

with large sand-hills, plowed hilly surfaces, etc. Unfortunately, it is impossible to 
derive an explicit expression for the polarization ratio in this case. Nevertheless, if we 
assume a priori information about the statistical characteristics of the underlying 
surfaces, it is possible to determine the complex permittivity on the basis of relative 
measurements. 

Let us consider, next, the underlying surfaces described by Model 4 (surfaces with 
different complex geometrical structures). This model describes residential areas, 
mountains, large forest areas, etc. In the centimeter and decimeter waveband, it is 
possible to represent these surfaces in the form of random compositions of incoherent 
mdependenl scatterers. It is impossible to speak about a certain specific value of the 
complex permittivity in this case. Nevertheless, if we formally conduct the calculation 
of the complex permittivity by one of the formulas (1 1.9) or (1 1,12), it is possible to 
assign to these surfaces a certain complex permittivity (pseudo-permittivity). 

The dielectric permittivity module for some types of surfaces (long-term ice, 6 s 45'' ; 
one year ice. 6 = 45"; water surface at wind speed 10-15 m/s, 9 = 70"; field without 
grass, 0 = 70'’) was designed for an illustration (sec Table II. 1). 
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Surfaces 
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calculated 


El 


\e\ experimental 


lonp-ierm ice 


0.0356 


0.0689 


7 


2.7 


3.0 




0.0156 


0.0277 


5 


3.5 


3.4 


water surface 


0.0084 


0 0097 


30 


35 


40-70 


field 


0.283 


0.235 


10 


14 


12 



Table 11.1 Dielectric pcimittiviiy module 



The wavelength used was A = 21 cm. The valueb of the scattering matrix elements are 
taken from [Boerner, 1997]. The calculated dielectric permittivity modules were 
compared with other sources [Kozlov, 1993; Finkelshxein, 1984], 



11.3 The KLL-sphere 

In order to use formula (11,6), it is necessary to provide the consecutive radiation of 
the equal-power radio waves with horizontal and vertical polarization. It should be 
taken into account that providing the consecutive radiation we have to measure (every 
time) the voltage in the conesponding receiving channel and after that to calculate the 
parameter / and to use formula (11,6). However, it is possible to proceed in a different 
way. If a linearly polarized (with the polarization angle 45®) radio wave LP-45 is 
radiated, we shall have a similar situation. In this case, the in-phase radio waves are 
simultaneously radiated by both orthogonal channels. Since for the class of surfaces 
under consideration the cross components do not appear during the reflection, the 
signals in the orthogonal receiving channels may be used for the determination of the 
polarization ratio /, which, in this case, describes fully the reflected radio wave 
polarization ellipse. Thus, the parameter J characterizes the reflected wave 
polarization under the condition that the surface is illuminated by LP-45. Therefore, a 
certain polarization, which (as is well known) is one-to-one mapped by the 
corresponding point of the Poincare sphere, corresponds to every value of the 
parameter f. On the other hand, the parameter / determines uniquely the complex 
permittivity, i,c., the type of surface. This means that the points on the Poincare 
sphere one-to-one conespond to a specific type of underlying surface. Thus, it is 
possible to construct a sphere, each point of which determines another type of surface. 
This sphere, referred to as the KLL-sphere is shown in Fig. 11,1. 
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Fig. n.l The KLL sphere 

The KLL-sphere gives new possibilities for underlying surface classification. The 
reflected wave polarization type is ihe main classification characieristic under the 
condition that the analyzed surface is illuminated by a radio wave with polarization 
LP A5. In order to construct the KLL-sphere. it is nol necessary to use LP- 45 
waves. Il is also possible to use waves with any other known polarization. In such 
case, we have to correct the polarization ratio taking into consideration the existing 
differences in amplitudes and phases of the orthogonal components of the radiated 
radio waves. In connection with this, the circular polarization is of most interest. The 
application of circular polarization allows us to avoid inaccuracy in the antenna 
installations with respect to the earth surface, which is difficult for antennas that use 
LP45. 

For deriving quantitative relationships, we present the formulas connecting the 
parameter f and the coordinates of the points on the Poincare sphere that maps the 
corresponding polarization. We use geographical coordinates. Let 2P denote the 
longitude of some point D on the KLL-sphere and 20 its latitude. We then have 
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9 = arctan 
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Recall ihal is the argument of the polarization ratio. 



(11.13b) 



In order to use formulas (11.13a. 11.13b) for circular polarization, it is necessary to 
change the phase difference of signals in the orthogonal channels of a receiving 
device by 90°. Formula ( 1 1,9) shows that with such an approach the angle i) plays a 
very significant role. Let us consider it briefly. If the surveillance angle (i-0,the 
horizontal and vertical polarizations for any type of surface do not differ. Therefore, 
the parameter / =1. The LP- 45 corresponds to this value of / . In this case, all 
types of surfaces are mapped into a single point (point E in Fig. 111). The surfaces in 
this case are not distinguishable. In the second extreme case, when 0 = 71 fl yiot any 
type of surface we obtain /' = -l. In this case, all surfaces are also mapped into a 
single point (the point F in Fig.11.1). The point F is diametrally opposite to the point 
E. This point corresponds to the linear polarization LP-135, A change of the 
surveillance angle 0 from 0 to / 2 causes the points corresponding to different 
types of surfaces to circumscribe eigenpaths, each starting at E and ending at F. 

Let us consider another particular case. Let the analyzed surface represent an ideal 
dielectric ( f is a real number, = 0). In this case, / is a real number. That means 
that a change in the surveillance angle Q causes the point that maps the type of radio 
wave polarization to move along the equator of the KLL-sphere. In this case, when 
the surveillance angle is equal to the Brewster’s angle, the moving point reaches the 
point fl (Fig. 11,1), i.e., the point corresponding to a vertical polarization. Thus, 
dielectrics arc mapped on the equator of the KLL*sphere. For this reason, we refer to 
the equator as the “dielectric" line. 

The dependencies of the geographical coordinates (2<p. 2^ ) of points on the KLL- 
sphere that map different types of underlying surfaces are shown in Fig, 1 1 .2. 
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Fig. 1 1 1 Different lypCN of surface ui a funciion of geographical coordinates 
of Kl.l, -sphere. I , wer sand, 2. sea water: 3. corn 



This figure shows that as the surveillance angle changes, for each type of underlying 
surface, the curve starling from the point with the coordinates 2^ = 0, 2/3 =90“ and 
ending at the point with = 0, 2^ = -W is plotted on the KLL-spherc, Negative 
angles with a continuous variation of ^ correspond to angles from 360® to 
270®. The surfaces are chosen so that the ratio of the real and imaginary parts of the 
complex permittivity is a) much lower than 1; b) much higher than 1; c) about 1. In 
the representation of such surfaces were chosen: 

- agricultural crop (corn), with £ = 3-/15 (curve 3 in Fig. 11,2); 

- sea water (NaCl concentration is equal to 2g/moll liter), with € = 40-/40 (curve 2 
in Fig. 11.2); 

. wet sand (relative weight humidity is equal to 12%), with £ = 8-il (curve 1 in Fig. 

11 . 2 ). 

The points corresponding to the same surveillance angle 0 are of interest. Fig. 11,2 
clearly shows that it is possible to provide the maximum difference in coordinates of 
the points on the KLL- sphere, which maps different type of surfaces, by means of 
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selecting the surveillance angle Q . This opens new possibilities for increasing the 
efficiency of solving the problem of distinguishing underlying surfaces. In addition, 
the possibility of determining the complex permittivity on the basis of relative 
measurements, together with the improved quality of distinguishing underlying 
surfaces, also opens new possibilities for a substantial improvement in solving the 
inverse problem. 



11.4 Conclusions and applications 

A new method for the determination of the complex permittivity of layered media in 
problems of remote sensing has been described in this chapter. It has been shown that 
a relative comparistm of the voltages and the phases of the signals in the orthogonal 
polarization channels of receiving devices opens the possibility to determine the 
complex permittivity for a wide class of layered media, with the use of the KLL- 
sphere. 

The application of the KLL-sphere allows us to carry out a rather unique modeling of 
underlying surfaces. The core of this modeling lies in the fact that there exists a given 
type of radio wave polarization that may correspond to each type of smooth 
underlying surface observed at the angle 0 . This type of polarization coincides with 
the reflected wave polarization appearing as a result of the LP-45 radio wave 
reflection from an underlying surface. 

This means that for each type of underlying surface observed at the angle Q we can 
find the corresponding type of the reflected radio wave polarization. This type of 
polarization coincides with the polarization of the reflected radio wave that appears as 
a result of reflection of the radio wave with polarization LP-45 from the underlying 
surface. This statement, as it has been said already, means that we can find a point on 
the unit radius sphere (KLL-sphere). which one-to-one corresponds to a specific type 
of underlying surface. Any change in the physical or chemical characteristics of the 
surface causes this point to move on the KLL-sphere, indicating the change in the 
aforementioned characteristics. 
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Implementing Solutions to Inverse Scattering Problems: 
Signal Processing & Applications 



12.1 Introduction 

We have seen that polarization measuremenls provide information on characteristics 
of a medium, e.g. surface roughness, morphology, permittivity, etc. Measuremenls of 
lime of arrival and spectral contents of the scattered-echo signal allow the 
determination of the position and speed of a reflecting object. The solution to the 
inverse problem is to find from the measurements of polarization responses these 
characleristics of a medium or a scallerer. To this purpose, various lypes of 
polarimelric radar are used. Scatteromelers are used to measure the surface reflectivity 
as a function of frequency, polarizadon and illumination direction. They are used to 
characterize quantitalively surface roughness. Altimeters are used for topographic 
mapping applications. Synthetic aperture radars (SAR) are used to produce high 
resolution images. Applications are for earth remote sensing, e.g., monitoring of 
vegetation, weather-almospheric conditions, ocean profiles, terrain roughness, etc. 
The remote sensing data can also be used to improve adaptive radar techniques (e.g. 
adaptive clutter suppression). 



12.2 Radar imaging 

To design an imaging radar, a good knowledge of the expected range of Ihe 
backscatter cross section ” is important. The scatter cross section is the ratio of the 
scattered power per unit solid angle and the power per unit area incident upon Ihe 
scallerer. The scattered intensity (per unit solid angle) calculated in the examples on 
scattering in Ihe previous chapter is proportional to the scattering cross section of the 
medium. 

Z2.2.7 Processing 

The design of the radar requires accurate mathematical modelling of ’*<r ", as well as 
extensive measurements for: 

- sc altering from terrain 

- scattering from ocean surface 

- scattering from the atmosphere 

- solid surface sensing (geological structures, soil moisture, forestry inventory, etc.) 
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- geological mapping 

- images (geometry, shape of objecls-scallerers) 

- scattering from sea and river ice. 

Image reconstruction starts from the estimation of the backs catter cross section of the 
scatterer for a given transmitted signal in a given polarization configuration and a set 
of recorded returns [Zebker. 1991]. The imaging process conelales the set of recorded 
returns with test functions and gives an “image” function of the scatterer; specifically, 

where 5(^0* >o) is the wavefield function representing the polarization response of 
the scatterer (scattering cross section) and is a test function representing the 

reference data response. 

The scattering cross section of the scatterer is given by [Ulaby. 1990] 







( 12.21 



In this expression, denotes the scattered power received using polarization “ p " at 
the receiver. 7^ is the trxmsmitted power (field q-polarized), are the 

orientation and ellipticity angles of the receiving antenna polarization, respectively, 
and Xi ^ respective orientation and ellipticity angles of the transmitting 
antenna polarization. 

For imaging radars, the individual power measurements for each radar resolution 
element (pixel) are statistically related. Thus, in some radar realizations several (AO 
power measurements are added to reduce the standard deviation by the ratio \f-JTJ . 
at the expense of loss of spatial resolution. In SAR radars, a large number of returned 
echoes are used to generate the intensity (brightness) in one image pixel. The average 
scattering cross section per unit area of a set of N measurements is given by [Ulaby. 
1990] 



(12.3) 
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where is the scauering cross section of (he n-ih individual measurement and A is 
(he illuminated area. 

The polarization response (or signature) of a remotely sensed scatierer can be 
represented geographically using the scattering cross section as a function of the 
ellipticity and the orientation angles of the transmitted electric field. This is done for 
both co-polar and cross-polar responses. The solution to the inverse problem is to find 
the characteristics of the scatterer(s) from the known (measured) polarization 
response. To this purpose, the polarization response "(f' is tested against a group of 
reference data responses (test function "h") before it can be identified. This testing 
process can be optimized with the use of a polarization filter [Poelman, 1981; Watts, 
1996J which maximizes the contrast between the remotely sensed object and the 
background medium (clutter) and minimizes the “distance” between the measured 
(polarization) response and the reference data (maximum correlation) 

The reference data needed to reconstruct the image can be a set of polarization 
responses of targets (scatterers) of known geometry and features. Alternatively, they 
can be obtained from the prediction - modelling of polarization responses of points (or 
distributed) targets [Tatarinov, V. el aL, 1998J. This processing of the scatierer 
features is done for each resolution element, or "pixel”, of the "image”. Features can 
be the type of scattering mechanism, a target embedded in a medium, or different 
geographical areas that need to be mapped. A test can be realized by a best fitting 
processing routine between the results of a mathematical predictive model 
(propagation modelling, or target modelling) and the observations. 

The procedure involved in this routine is to adjust the model parameters (or inputs) to 
approximate the observed polarization response with minimum error. The model 
parameters resulting from the best-fit routine between model outputs and observations 
can give information about the scattering mechanism, e.g.. the dominant type of 
scattering and the types of scatterers. For example, we may introduce in the model 
different scattering mechanisms. In a vegetation model, for example, we introduce 
backscattering from branches, trunks, double-bounce scattering from branches and 
ground, etc. By comparing the relative amount of back-scattered energy for each 
different mechanism with the experimental results, we can find the type of dominant 
scattering and deduce the type or distribution of scatterers that have been sensed. 

Using the best-fit processing routine between modelling and polarization response 
from experiments, we can also derive values of surface roughness. The model input 
parameters, rms height, correlation length and permittivity, are varied until the best fit 
between the observed and predicted polarization responses is found. In the case of 
scattering from the sea, for example, varying only the input wind speed in the model 
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allows one lo eslimale the “in-situ” roughness of ihe sea surface under investigation 
from a best-fit analysis with measured polarization response. 

A functional block diagram describing the processing for imaging by a polarimetric 
radar is given in Fig, 12.1 




Input parameters: 

Geometry and Propagation 

Fig. 12.1 A flow-chart for image processing with polarimctiic ndar 
12.2.2 Examples of classification 

The image pixel brightness “b” is a function of the reflected power, or backscalter 
cross section g, of the “sensed" surface area, e.g.. [Elachi, 1987) 



b = f(o) 



H2A) 
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Surface features (e.g., roughness, slope, type or density of vegetation cover, etc.) can 
be identified as a change in the image brightness in a radar image pattern that 
reproduces the surface features. 

In order to rectify and calibrate the brightness in the image, the function f (a) rteeds to 
be known or measured for each image pixel. In Fig, 12.2, the main elements affecting 
the image brightness are shown. The transmitted power is measured by a power meter 
at the input of the antenna. The antenna pattern is usually measured on a test range. 
The receiver and data-handling system transfer function can be measured by injecting 
a calibrated signal at the output of the antenna, which is the input of the receiver. A 
series of signals of increasing amplitude is used in order to "map" the transfer 
function for different input signals. This procedure of calibration is done for the 
amplitude and the phase for each polarization channel of the polarimetric radar. This 
allows one to synthesize known polarization states and scattering matrix for each 
pixel. 




Fig. 12 2 Elements affecting radar image brightness 
OlEEE (reproduced with permission of IEEE, C. Elachi, 

'Spaceborne Radar Remote Sensing: Applications and Techniques ’, Fig. 5.25. Ch. 5. I9$7) 
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Imaging radars can provide a iwo-dimensional image of the spatial distribution of the 
scatterers. They provide, also, a 3-D image by generating two images of the same area 
from two different incident angles. In oceanographic applications, for example, an 
imaging radar provides an image of the spatial distribution of small gravity waves and 
capillary waves which arc the main source of backscattcred energy. Any surface 
phenomena affecting the amplitude or spectral distribution of these waves is visible in 
the radar image. These phenomena include surface swells (which also affect surface 
slope), internal waves, current, wind eddies and ship wakes. 

The small gravity waves and capillary waves are modulated by the ocean swells with 
a spatial periodicity that “reproduces” the swells pattern. The local incidence angle 
equals the illumination angle plus the slope of the sea waves in the plane of incidence. 
These two factors lead to variations in the radar back-scatter return, which spatially 
"reproduces” the swell pattern, thus allowing to image it with high resolution 
polarimetric radars. The backscattcring cross section of the ocean is a function also of 
the wind speed. The wind causes an increase in wave heights and introduces a 
Doppler shift in the back-scattered field. This Doppler effect is a major factor for SAR 
(Synthetic Aperture Radar) which uses echo-Doppler to generate high resolution 
images. With SAR radar we can generate a "large antenna aperture” by coherent 
processing of the received scattered signals. A detailed description of SAR processing 
is given in the next section. The periodically varying Doppler shift added by the wave 
motion may, in some situations, enhance the ability to image waves, while in other 
cases leads to errors that need to be compensated for. 

The effect of surface slope plays a major role in imaging undulated terrain (dune 
fields). The points with zero-slope (maximum points) may produce a pattern of 
“bright scatterers points” (the high back- scatter creates a bright image tone on the 
radar image). The high sensitivity of the radar return to surface slope and the partial 
penetration capability allow the radar to image geologic structural features covered by 
vegetation canopies, A vegetation canopy is usually of constant height; therefore, the 
air-vegetation interface "reproduces” the surface morphology. 

In applications of sub-surface penetration radars, the nature of the soil, or types of 
materials embedded, can be investigated based on the "transparency” to certain 
frequencies (spectral analysis) or polarization states (polarization analysis). This may 
enhance detection and classification of objects of particular shape buried into the 
ground. For the imaging of the sub-surface layer, a time-migration processing is 
shown in Fig. 12,3. 
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Fig- 12-3 Time- mi gratia n process for ground peneuatirg radars. 
(Reproduced with permission of lEF., DJ. DanleK, 
“Surface Peneiraiing Radar". Fig. 6,29. Ch, 6, J996) 



Another application to inverse radar problems is the classification of scaiierers by 
“‘imaging in the frequency domain”, that is. by measuring the response of the radar at 
resonance with the natural frequencies of the scatterer under investigation. With this 
method, we may recognize the target from its own natural frequencies. This may be 
achieved by comparing the measured resonance frequencies with a “library” of known 
natural frequencies of scatterers to be sensed. This method is called SEM (singularity 
Expansion Method) developed in electromagnetic pulse scattering [Boerner, 1981; 
Baum. 1991, 1997J. The purpose of this method is to express the electromagnetic 
signature of the scatterer in terms of singularities of the transfer function (in the 
complex frequency plane). A broadband pulse excites the corresponding poles, which 
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are referred lo as ihe natural frequencies of the object. It has been shown [Marin, 
1973, 1974] that whereas the locations of the target's set of natural frequencies in the 
complex frequency plane is independent of aspect angle, polarization and excitation, 
the coefficients of the transfer function are not. The transfer function can be expanded 
in a series of terms for each pole. The coefficients of these terms (residues) are 
polarization dependent [Marin. 1973. 1974]. 

Multi-frequency and multi-polarization radar imaging is used to acquire detailed 
information about the surface (roughness) and to allow classification of surface units 
on a pixel-by-pixel basis by using variations in their spectral or polarimetric 
signatures. An example of spectral signature is given in Fig. 12.4 and one of 
polarization signature in Fig. 12.5. 




Pig. 12.4 Gener^tcion of ^>eciTa| signature 
€>1BEE IRcprodiiced with permission of IEEE. C. Etachi, 
"Spaceborne Radar Remote Sensing”. Fig. 5.28. Ch. 5, J987) 
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Cor*giBt«r»d 



Images 




Mg 12.5 Gene ration of poldruati on signature 
©IEEE (Reproduced wiih permission of IEEE. C. Elactii. 
^Spaceborne Radar Remolc Sensing", Fig. 5 29, Ch. 5, J9I7) 



A third type of multi-channel radar is the multi-angle radar data. In this case, the 
images are taken (from different positions) using different illumination angles (see 
Fig, 12,6). 
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D9f 10 Day Drift 




Fig. l3 6 C»e<'metry tbr :ictjuisition (kf muliiplt* loi'k jngic imaging 
CjIEEE IReprtxlbCcd with petmi^»sj4>r> of IKUli. ('. lilavKi. 
'Spaceburne RuJar kemoic .Senjang”, Fig 5 30, Ch. 5, 



Once all the polarization matrix elements have been determined on a pixel-by-pixel 
basis, images can be generated of various characteristic parameters, such as the Stokes 
parameters, ellipticity angle, etc. These characteristics can be used to identify surface 
units or to find polarizations which enhance certain target features relative to others 
(e,g,, volume scattering component versus interface (surface) scattering components), 
or to enhance certain types of targets immersed in a set of distributed targets of 
different types. Examples of object classification by the scattering and Mueller matrix 
arc given in Fig. 12.7. 
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CD^L ANV X>POi KU LL ro A SiMPit TAROST SCIAPES 




Fig. 12.7 Co-Pol and Cmss-Pol Null for simple largci shapes 
OlEEB {Reproduced with pef/niSiiicm of fEEE, W.M. Boerner, 
"Polarization Dependence ir Electruntagnetic Inverse Problem?" 
IFIEF. Trans . Vol. AP-29. No. 2. Tabic 1 , p 266, March 1981) 
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12.3 Synthetic Aperture Radar (SAR) 

The principle of operation of SAR is similar to the method of holograms. In this 
method, a field scattered by an interrogated object interferes with a reference coherent 
wave. The received interference pattern, based on the phase relationship of the 
scattered and the reference wave, is recorded as an intensity distribution of the sum of 
the reference and scattered waves. By illuminating this reference pattern (hologram) 
with the same coherent reference wave, it is possible to reconstruct the image of the 
object (scattcrer). With the SAR technique, we can synthesize an interference pattern 
by transmitting a sequence of signal pulses from a moving "physical array" and by 
signal processing. i,e., by coherently summing the echoes from the range of interest, 
received at successive positions of the physical array. By means of this processing, we 
generate an array of effective aperture L (see Fig. 12.8), given by 

L = UT > speed of the moving “synthesizing'* array, 7’ • integration time) (12,5) 




Fig. 12,8 Geometry of ae live synthetic aperture 
(Reproduced with pcrmjision tif NATO SACLAN TC'liN, £. Pusonc. 
“Synthetic Aperture Performance Analysis of Bejmforming jinJ System 
Kep»riSR-9l. Fig. 8.Ch, 2, November 1985} 

U : Speed of radar platform (on which the synthesizing array is mounted) 
R : Range of scatterer; A ; radio wavelength; c: speed of light 
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A/ : Time inlerval between iwo buccesbive positions of ihe radar platform = 2R/c 
T$: Total integration time required to generate the anay aperture 
ck 

= — : Condition for avoiding grating lobes 

40 

The radiation pattern of the synthebized array is the "interference pattern*’, or 
hologram, generated with SAR, The signal processing used to generate the pattern is 
indicated in Fig. 12.9. 



SYNTHETIC APERTURE PROCESSING 

A. MOTION PHASE ERROR CORRECTION 

B. FOCUSSING 

C. BEAM FORMING 



MOTION PHASE ERROR 

t=l (ZZi (=1 1=1=^ l=l [ZZ3 (ZZ)C^ 1=1 




For a target at range R, 
multiply each received 
signal by a phase such 
that quadratic focussing 
error is removed. 



BEAM FORMING 




Sumcon^Iex values 
over the synthetic 
aperture length 



Fig. 12.9 Synthetic Aperture Processing 



An example of a SAR pattern compared with the pattern of a physical array is given 
in Fig. 12.10. 
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Fig. 12 10 Synihelic pulton and physical pailetn 
(Reproduced with permission of NATO SACLANTC6N, E Puscw, 
'■-Symheiic Apemire Perforin ance Anulysis of Beamfnrming and System Design ’, 
Rep{«SR-91, Fig, 9, O, 2, November IC85) 



A very narrow beam can be generated by considering a long integration time T The 
3-dB beamwidth of the SAR pattern is given by 

= (12.6) 

Fig. 12.10 shows the case in which the effect of diffraction lobes can be reduced by 
using a physical array with a beam pattern having its nulls at angles corresponding 
with the maxima of the lobes of the synthesized pattern. This can be achieved with a 
physical array of size D given by 



D=^2d (12.7) 

d being the spacing between consecutive samples in the synthetic aperture process. 

With the SAR technique we can produce maps of remote-sensed areas with a very 
fine (azimuth) resolution by using a physical array of limited size. If the signals are 
fully coherent, the maximum aperture L that can be synthesized is derived from the 
beamwidth of the physical antenna at the range of interest (see Fig. 12.11). 





Implementing Solutions to Inverse Scattering Problems: 
Signal Processing & Applications 



335 



L 




Hg. 12.11 Synthetic aperture length Z., Xj . succe&si ve positions of 

physical orray. CC the 3*dB beamwidth ( A / £) ) of the physical array 
©IEEE (reproduced vvith permission of IEEE, C. Elacht. 

**Spacebome Radar Remote Sensing", Fig, 3^0, Ch. 3, 1987) 

The lenglh L of the synthetic aperture is given by 

I = A/?y/> (12.8) 

where A is the wavelength. D is the size of the physical array and R is the range to 
the scaiterer. The synthesized beam is given by 

( 12 . 9 ) 

Combining Eqs (12.8) and (12.9), we have 
0„, = D/R 



( 12 . 10 ) 
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The linear resolution in azimuth is given by 



( 12 , 11 ) 

Combining equations (12.10) and (12.1 1), we obtain 

( 12 - 12 ) 

This result leads to the conclusion that by coherent signal processing of the received 
signals, we can achieve a maximum resolution that improves with the reduction of the 
physical antenna dimensions. There are, however, practical limitations in reducing D; 
we cite two of them below: 

- the size of the physical antenna must be sufficient to provide a good signal-to-noise 
ratio at the input of the SAR processor; 

- if we want to avoid ambiguities by reducing the grating lobes, we must have a size 
given by Eq. (12.7), This size is proportional to the interval between samples and, 
therefore, to the range of the remote-sensed area (object) under investigation (see 
Fig. 12.8), This means long arrays for long distances. 

The synthetic aperture processing relies on the coherence of the successive pulses. 
The processor must compensate for changes in the signal phase in order to generate an 
effective aperture length. If the phase changes are known (see Fig, 12.9), the phase 
compensation can be done. If the phase varies randomly due to random variations of 
propagation path length or multi-path, the signals cannot be added in phase and the 
synthesized beam pattern is degraded. To overcome the effects of propagation on 
SAR beamforming, a good knowledge or modelling of phase fluctuations is required. 
This can be seen by the analysis of synthetic aperture beam-forming. The beam output 
voltage is given by 

iV 

= (12.13) 

i = l 

where is the amplitude response of the physical array at the k-th position from the 
scatterer, 0^ is the phase shift of the echo at the k-th position of the physical array 
from the scatterer and N is the total number of synthetic array elements. The phase 
is given by 






(12 14) 
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where is ihe lime delay at the k-lh position of the synthetic array, tuois the transmit 
(angular) frequency and o> (Doppler shift) is given by 



2V 

O) = •— 



(12.15) 



In this expression, U is the speed of the array platform, c is the speed of light in 
vacuo and is the angle of the direction of the scaiierer with the normal to the 
direction of movement of the array (at the k-th position). 

Combining Eqs (12.13), (12,14), (12.15) and filtering the Doppler components for the 
SAR processing we find 



w .20 

^ — QXjit s\nOi 



ks[ 



(12.16) 



For a constant interval AT, the sampling during the movement of the array is defined 
by = AAT , k=l,2,....N and the spacing between two consecutive positions is given 
by d^UAT .The synthesized beam pattern is given then by 



sin 



W = 



'2N-nd . 

since 

A 



. I n 3rd . 

sin! 2 — sina 
A 



(12.17) 



Equation (12.17) represents the beam pattern synthesized by coherent summation of N 
echoes received at N successive positions of the array. It should be noted from Eq. 
(12.17) that the “active" synthesized beam pattern has a 3-dB beam width that is half 
of that for a conventional physical array of the same length. 



If we have a random phase error due to propagation, the beam voltage can be 
expressed (cf. Eq. 12,16) by 




ZoMt/idr sIriQj, 





(12.18) 
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The expected value of the beam voltage is given as follows: 

^ 2cuot/itA7stiUZ| 

i-'iv 1 = X « ^ \ (12- 19) 

Ul 

Here, = (sAz = (UT^ , being the differential delay around k. 

The first term gives the beam pattern in the ideal case of no errors (full coherent 
summation). The second term modulates the first one. We expect that the effect of this 
random modulation is to smooth-out the interference pattern generated by the 
coherent summation of the echoes. This smoothing-out can result in broadening of the 
beam, or increasing the side lobes level (fluctuating around a constant value) [Pusone, 
1985J. As a result of phase fluctuations, the resolution which is achievable in the 
(ideal) coherent case is degraded. This degradation depends on the time constant “t'* 
of the phase fluctuations compared to the total synthesizing time “ 7 ^ ”, for t » T, , 
we approach the ideal case of full coherent summation given by Eq. (12.17). 
(Maximum synthetic aperture length L = 2Nd and maximum angular resolution 

= A/2Mi). for T«r^- the random phase fluctuations will not result into the 
interference pattern and no beam will then be formed. 

In Eq. (12.19), we write [Papoulis. 1962J 

}= )= p (t. )dT, (12.20) 

As a specific example, we consider an exponential model for the probability density 
of delay .viz, 



with 



I 




the so called multi-path di.spersion. Eq. (12.20) yields in this case 



( 12 . 21 ) 



(12 22 ) 
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| = (12.23) 

Carrying oul Ihc imegraiion we oblain 

(, 2 . 24 ) 

JO) 

Introducing this result into Eq. (12.19), the expected value of the beam voltage 
becomes 



k^\ 



-;ian ^ 






( 0 ‘ 



where 

2Uo\ikAT 
- — — 

c 



(12.25) 



(12.26) 



is the phase term in the ideal case of no phase fluctuations and c ^ is the multi-path 
dispersion as defined by the exponential model. Based on this model, we can 
compensate for the phase fluctuations in Eq. (12.25) from knowledge of the multi- 
path delay dispersion a, . 

The SAR radar can be realized with the Doppler-polarimetry radar described in detail 
in Sec. 2.4.4, where the motion "radar- scatterer” is given in terms of the movement of 
the scatterer relative to the stationary radar. A synthetic aperture is formed by 
coherently integrating the pulses corresponding to each different polarization 
combination. As the measurements (V or H polarization) are not simultaneous, the 
echoes are partially correlated. Decorrelation results from the coherence properties (in 
space and time) of the moving scatterer. When the radar platform moves with respect 
to a stationary remote-sensed area, the SAR processor must compensate for the 
deviation from the straight line trajectory. For air-bome radar this can be done with 
INS (Inertial Navigation System), For moving scatterers, the SAR processor must 
compensate for the phase changes due to the motion of the scatterer and the moving 
radar platform. 



The polarimetric SAR is widely used for monitoring and imaging the earth's surface. 
Looking at the phase variations of the returned SAR signals it is possible to 
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reconstrucl very accurately images of terrain, vegetation, etc. Ulaby (1987) has 
derived a relationship between the polarized phase difference (PPD) 
the reflection coefficients of the scattering area. PPD distributions have been 
measured for different types of surfaces. The results indicate that these distributions 
may lead to discrimination between various surfaces, i,e., soil and vegetation covered 
surfaces. 



1Z4 Radar altimeter 

Radar altimeters provide a measure of the distance between a sensor and a scattering 
point (e.g, on a surface). A short pulse is transmitted towards the surface at the time 
Ij. The round trip distance from the reflecting object to the radar is given by [Elachi, 
1987] 






=sk. 

2 



(12,27) 



where c is the speed of light and is the round-trip delay. The accuracy with which 
the distance is measured is given by 



AZrf = 



2 



(12.28) 



The time difference accuracy A/^ depends on the sharpness of the pulse which is 
equal to \/B, B being the signal bandwidth. We obtain, therefore, from Eq. (12.28) 



(12.29) 

In oceanography, radar altimeters are used to measure wave heights. If the accuracy is 
of the order of 1 cm. they can discriminate between capillary waves and gravitational 
waves. This would require a signal bandwidth of 15 GHz . 

From echo-shape analysis we can obtain information about surface roughness. When 
a pulse scatters from a (single) surface, the returned echo has a shape reflecting the 
(statistical) properties of the (rough) surface. In the case of the ocean, where the 
surface is homogeneous, the height statistics are the main factors in determining the 
pulse shape. In the case of terrain, the surface composition varies across the antenna 
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fooipriiu and its siaiisiical properties need to be taken into account. For a perfectly 
smooth surface, the echo is a minor image of the incident pulse (see Fig. 12.12b), If 
the surface has some roughness, some return occurs in the backs cat ter direction at 
slight off-vcrtical angles as the pulse footprint spreads on the surface (see Fig. 
1 2.12a). This results in a slight spread in time of the echo (see Fig. 12.12c). If the 
surface is very rough, some of the energy is scattered when the radio pulse intercepts 
the peaks of the waves (sea) and more energy is scattered as the pulse intercepts areas 
at various heights of the surface. This leads to a larger multi-path spread of energy 
which results in noticeable rise in the echo leading edge (see Fig, 12.1 2d). The rise 
lime depends on the ms height of the waves. Therefore, the time t^can be used to 
measure (sea) surface roughness. 

Fig. 12.12 shows examples of normalized echo shapes calculated under the 
assumption of a rectangular transmitted pulse and Gaussian-disiributed surface 
heights, for different values of 2a^/cT . i.e.. the ratio between the surface ms height 
and the pulse length. 



« 







Fig. 12.12 (a) lllusiraiion of spread of modem pulse on surraue, 

<b), (c). (d) bchu shape for mcreasing rougher Mirfuce 
(Reproduced with permission of IEEE. C Elachi. 

'Spaceborne Radar Reinoie Sensing: Applicaiiuns and Techniques '.Ch. 6, Fig. 6*4. 1987) 
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II can be seen in Fig. 12.13 that the rise time increases for larger ratios and the echo 
shape has a more gradual rise. The rate of decay of the echo is a function of the 
incident angle and the slope of the waves. 




Fig. 12.13 Diagram ot'cchu shape'^ lor dilTcren values nf o ' ICf, ! ( r 
I rj - f/7 : f - pulse length k 
©lEEH (RcpnKluccd wUh pcrrrusMcm IbHK C’. Klachi. 

**Spjv€lH>rnc Radar Rcmuie Sensing: Apphcaiions and Tcchnique.s'. t*h 7, 1'lg 713, 1987) 



As the surface wind increases, the ocean surface becomes more rough. We have fewer 
areas where there are specular returns. This leads to a decrease in the amplitude of the 
echo. Thus, the altimeter echo amplitude can be used as a measure for surface wind. 



12.5 Tropospheric-scatter radar 

Radar (usually in the UHF- or C band-frequencies) can be used to monitor the 
physical properties of the troposphere that may change with meteorological 
conditions. The main properties of the troposphere are the refractive index (related to 
permittivity and scale of turbulence due to fluctuations of permittivity and wind 
force). These properties arc important for various remote sensing applications, e.g. 
monitoring of the air contents, weather broadcast, etc. The inverse problem consists of 
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pre<li Cling (or measuring) these properlies of the troposphere from radio-field 
measuremenls, e.g., scattere<l power (scattering cross section). 

The scattered power is a function of permittivity and turbulence fluctuations [Booker 
and Gordon, 1950], [Gjessing. 1969, 1973] which depend on the meteorological 
changes in Ihe atmosphere. Various models of the air properlies (refractivity and 
turbulence) have been derived from theory [Tatars ki. 1971], [Chernov. 1960], 
[Obukhov, 1953], [Gjessing. 1969], [Ishimaru, 1977]. In some cases, however, there 
have been discrepancies between these models and available meteorological 
measurements. For example, an effort was made [Pitsone, 1980, 1981] to model the 
scale L of atmospheric turbulence in terms of “eddies” of sizes dependent on the 
thermodynamic conditions in Ihe air. Statistics of eddy sizes were predicted by the 
model as a function of meteorological data measured in the upper atmosphere (from 1 
to 10 km). Values were obtained in the range between 30cm to Im. That theoretical 
model allowed the solution of the inverse problem using available radiosonde data 
and Doppler radar data. The model has been verified experimentally and has 
compared well with radio-field measurements. The scattered power was computed 
using a Hertzian potential produced by oscillating dipoles of moments proportional to 
permittivity fluctuations and "blobs" of turbulent air. The results showed that the 
scattered power depends on the size L of the scatterers (blobs) compared to 
wavelength. The maximum power was found around the value /./A - 1. 



12.6 AUnospheric mtinitormg with ptilarimetry 

A polarimetric radar can be used for atmospheric monitoring. For example, by 
measuring the effects of rain on the microwave signal polarization, we can obtain 
information on Ihe shape and the canting (angle) distribution of raindrops. By 
meteorological measuremenls, i.e., variations in atmospheric pressure, temperature 
and humidity, we can predict Ihe atmospheric turbulence and its effects on 
polarization. 

12.6.1 Precipitation 

The sizes and shapes of raindrops can be estimated from measurements of the 
scattered field in amplitude and phase and by comparing the results with the scattered 
field computed for known geometries of raindrops. Various raindrop models are 
compared with measured values [Oguchi, 1977], The shape of a raindrop can be 
represented by 



r = Of 






tt=Q 



(12.30) 
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Where ao effective raindrop radius, defined as the radius of a sphere whose 
volume is the same as that of the deformed raindrop and c„ are deformation 
coefficients of the raindrop. 

The characteristic parameters of a raindrop are the radius r and the deformation 
(coefficient ratiofl/ij ) . as illustrated in Fig. 12.14. 



Y 




Fig. 12.14 Cross-sectional view of a deformed raindrop and ihc coordinate syslem 
OAGU (American Geophysical Union), Tomobiro Oguchi, 

*'ScatteriQg Properties of Pruppachef-and-Pitter fcnn raindrops and 
cross polaneanon due to rain: Calculations at II, 13, 19.3 and 34.8 OHz'\ 
Radio Science, Vol. 12, No. 1, p, 41-51, Jan.-Feb. 1977. 



From the measurement of size and fall velocity of raindrops, the degree of turbulent 
flow (i.e., the Reynolds number) due to rain can be estimated for given atmospheric 
conditions of temperature and pressure \Unal et al, 1998]. The measured scattered 
field can be used to estimate the effects of cross- polarization due to rain. The 
geometry for the calculation of cross-polarization is illustrated in Fig. 12.15 as a 
function of two caniingangles, y in the vertical plane and in the horizontal plane. 

Results show [Oguchi, 1977] that the effect of the canting angle yon the cross- 
polarization is less significant than that of the canting angle Q in the 
10 GHz-^(^ GHz frequency band. The results also show that for a Gaussian 
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distribution of the raindrop canting angle 9 , the cross-polarization components 
decrease with an increase of the standard deviation of 0 . This indicates that the effect 
of cross -polarization is more significant for rain composed of “equi-oriented" 
raindrops falling in a single direction. 




Fig. 12. 15 Geometry for (he cdiculatior of cross- polarisation factors 
C)AGLI (American Geophysical Unkm). Tomohiio Oguchi, 
'*Sca(ieriTig Pri^rilec of Prupp<icher*and'Piiiei form raindrops and 
cross polar izaiion due to rain Calculations at 1 1, J3. 19.3 und 34.8 GHz'*, 
Radio Science. Vol. 12, Ko. I.p 41-5 ) . Jan.*Feb. 1977. 



12.6.2 Turbulence 

From fundamental theory on radio scattering in the troposphere [Booker and Gordon. 
1950; i.shimaru, 1977] it is found that for scattering in a direction making an angle 0^ 
with the direction of incidence and an angle X with the direction of the incident 
electric field (Fig. 12.16), the scattered power (per unit volume) is proportional to 
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where and iire functions of permittivity fluctuations and the sizes of the 
turbulent eddies (with respect to wavelength) in the scattering area [Booker and 
Gordon. 1950; Pusone, 1978]. 

The scattering from turbulent air (eddies) can cause a “rotation" of the polarization of 
an electromagnetic wave. This may result in a change of the angle ^ between the 
electric field and the scattering direction. This effect can be significant in the case of 
anisotropic turbulence (anisotropic eddies). 




Fig. 12,16 Pokrizaiion anglexota scciiered elcctramagnetic w;ive 
(Froin E. Pusone, '*A Predictive Model Bdscd on Physical Con^ideruhors for 
Troposcaiier Communications Links”, SHAPE TECHNICAL CENTRE. 
Report TM-589, Ch. 3, h£ 4. 1978 1 



From Eq. (12,31). we obtain a maximum scattered power for ^sn/2 and a 
minimum (zero) for ^ = 0.7T . We can, therefore, measure the “depolarization" effect 
of air turbulence. 
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CHAPTER 13 



RevieM' of Potential Applications of Radar Polarimetry 



13. 1 Introduction 

The problem of polarization diagnostics and ecological monitoring of the environment 
is complex. It has been shown that any remote sensing system contributes to the 
solution of inverse problems leading to the determination of the physical, geophysical, 
and mechanical characteristics of surface and atmosphere. 

It has been emphasized that an important aspect in radar remote sensing is the solution 
of the inverse scattering problem. Polarization properties of scattering of 
electromagnetic waves at a surface and the atmosphere largely increase the 
information to be extracted, especially if measurements are executed at various 
wavelengths. Possible explanations for loss in information have been considered. 
Several methods required to reduce these losses are the following: special algorithms 
of signal processing, information analysis and the complete polarization analysis of 
scattering. Methods of modelling the process of scattering from surfaces in inverse 
problems have been discussed. 

Two main kinds of modelling have been considered: mathematical and physical, 
Mathematicid modelling deals with the analysis (and image recognition techniques) of 
the statistical properties of scattering from various surfaces. Physical modelling deals 
with the analysis of the interaction process of electromagnetic waves with rough 
surfaces and random scattering volumes [Ligihart, 1998]. 

A description of known methods concerning the analysis of the interaction of 
electromagnetic waves with surfaces has been summarized. Small (updated) 
perturbation methods, the Kirchhoff method, and the model of volume scattering 
(radiative transfer theory). 

Procedures of image processing have been discussed for implementing solutions to 
inverse problems and some applications of polarimetric radar in remote sensing and 
detection problems have been given. 

In this monograph, we have described extensive applications of specific radar 
polarimetry inverse problems for remote sensing of the environment, e.g.. vegetation 
models, reflection of electromagnetic waves from inhomogene^^us layered structures, 
scattering from rough boundaries, internal ruptures, etc. [Ligthart, 1998]. 
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13.2 Results of polarimetric remale sensing 

The derived results enable the simulation of the process of interaction of 
electromagnetic waves with a surface covered by vegetation, it is possible to take into 
account the first order approximation to analyze single scattering, and the second 
order approximation to analyze double scattering. 

The results are intended for solving the direct problem, which is the first step for 
setting up the inverse problem. The results are determined by using a statistical 
approach. 

The available models of scattered electromagnetic fields from vegetation permit us to 
identify agricultural fields, in which the earth’s surface is covered by vegetation such 
as grass. 

The results are summarized as follows: 

« Physical processes have been specified for analyzing a model of a layer of grass 
above the earth’s surface. On one hand, these processes lead to distinctive features 
of the signal: the appearance of additional phase differences of the echo signal of 
the components with horizontal and vertical polarizations. On the other hand, the 
processes arc connected to parameters of the vegetation model: permittivity and 
volume fraction of the biomass. These effects are derived from the effects of 
multiple coherent scattering, 

• A mathematical method for the analysis of the effects of coherent interaction 
between radiation and the medium characterized by extensive perturbations with 
spatial orientations has been developed. This method has been proposed 
previously [Landau, 1982]. We claim that this method is adequate for this remote 
sensing problem. 

• Specific calculations of the proposed method at the level of the first order 
approximation have been carried out. Relatively simple relationships for the 
permittivity tensor in a reference frame with respect to a transmitter-receiver 
system have been derived: 



= l + 4T^fl(^-l) 






cos^ ^ + 



sia^0 



(13.1) 
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Spaiial dispersion effects have been analyzed on the basis of scattering in the second 
approximation. 

Various electrodynamic models of vegetation have been analyzed , With the help of 
these models, it is possible to solve problems of vegetation classification, and in 
particular to define agricultural and biometrical characteristics of vegetation (e.g,. 
biomass, foliage density, vegetation humidity, etc.) It should be taken into 
consideration that the efficiency of classification and identification of vegetation 
grows when various kinds of polarization (vertical-vertical, horizomal-horizomal and 
horizontal- vertical) for different frequencies (e.g.. X. = 2 cm, 6 cm, 19 cm) are used. 
The definition of biometrical characteristics in direct connection with scattering is one 
form of coming to grips with the solutions of inverse problems in remote sensing. 

The main results are summarized in the following: 

1. A review of electrodynamic models of vegetation ba.sed on publications from 
1983 to 1994 has been presented. 

2. A simple vegetation model has been introduced as a layer of particles of a given 
form (cylinders, disks). The field reflected from individual particles has been 
determined. After this, the reflected field has been averaged over the sizes of the 
particles and their orientations. This averaged field has been used for calculations 
of the reflected field of a vegetation layer, as well as for the calculation of the 
backscatter coefficients of vegetation, 

3. A three-dimensional vegetation model has been presented in the form of a volume 
occupied by scatterers with imprecisely defined geometries. Backscattering 
diagrams ba.sed on the first approximation of ihe multiple scattering theory have 
been given and the field intensity has been calculated using transport theory. 

4. It has been pointed out that it may be possible to connect radar remote sensing 
data with biometrical characteristics, 

5. By means of radar remote sensing of vegetation, it is possible to classify various 
types of vegetation (type of crop, level of crop, etc,) 

In this monograph, a literature survey has been presented which describes the 
connecdon between electrodynamic and physical characteristics of different types of 
earth surface materials of interest in radar remote sensing applications. These results 
include both theoretical and empirical models derived by different authors and 
classified according to the surface material types. The results are usually valid for 
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super- high frequency radio waves. Theoreiical conditions and models have been 
summarized. Since most of the models of different surfaces are based on available 
empirical data, we expect a sufficiently high degree of adequacy. Some of the 
theoretical surface models were proposed relatively a long time ago and were 
experimentally proved to be correct. For example, the four models of sea ice are in 
good agreement with experiments [Vant, 1978; Hallikuinen 1977; Hoekstra, 1971]. 

A similar result was derived for snow in the form of a two-component mixture 
consisting of ice panicles (inclusions) and air (the main medium) [Sihlova, 1988]. 
When snow is represented by a three-component mixture (water, air. ice), the design 
relations do not agree with available experimental data [Sihlova. 1988], meaning that 
this model is inadequate. Practically all models of earth covers reported in the form of 
diagrams, formulas, nomograms, etc., have sufficient validity to describe real covers 
also when experimental errors are taken into consideration. Therefore, these models 
may be used for conducting the required calculations in remote sensing systems, 
though, as usual, any model that describes a real process may demand further 
corrections in future. 

The interrelation between empirical characteristics of remotely sensed surfaces and 
physical characteristics of these surfaces has been considered. The material contained 
in this monograph represents a survey of the available literature in this area. 

Let us consider the applicability of the results in this monograph from the point of 
view of their practical usefulness for solving remote sensing problems. 

Earth surface elecirodynamic characteristics are determined (above all) by the surface 
permittivity, though these characteristics depend on other factors, especially 
geometric factors. As the final objective of remote sensing is the determination of the 
surface characteristics (physical, chemical, mechanical, etc.) it is important to find the 
relations between earth surface characteristics and permittivity, and then determine 
the relations between the surface permittivity and polarization characteristics of the 
radio waves reflected from the surface. 

Relations between permittivity and soil humidity in the microwave frequency bands 
have been presented. For example, the linear dependence of peat permittivity upon 
humidity allows us to determine peat resources using radar remote sensing. 

A similar linear dependence is observed for vegetation covers, which is very 
important for the determination of the degree of ripening of agricultural crops. A 
linear dependence of trees on humidity allows us to estimate the degree of forest 
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dryness. This information may be uses to prevent forest fires, which cause vast 
ecological damages. 

The connection between snow permittivity, snow density and humidity allows us to 
determine (according to special nomograms) snow and water reserves. The estimation 
of these reserves is important during the spring period from the point of view of snow 
melting, possible stream rises and floods of rivers. In addition to having data on the 
snow cover thickness, it is possible to make estimations on the state of winter crops 
and predict the future yield. 

The empirical results on the relation between the surface soil permittivity and its 
salinity allow us to determine non-fertile (from the point of view of ecology) areas 
where the salt concentration compels to stop using terrain for agricultural farming, or 
to conduct necessary re-soiling works. 

We have listed the main fields of practical usage of the derived results. Those are 
quite comprehensive but. of course, do not cover all other opportunities that will be 
discussed in the process of further investigations. 

In this monograph the reflection of electromagnetic waves from non-uniform layered 
structures has been considered for two cases: deterministic and stochastic. The 
deterministic case concerns layered structures in which the permittivity varies as an 
exponential or polynomial. The analysis includes cases of vertical and horizontal 
polarization with various incidence angles. The reflection coefficient can be 
determined for different values of complex permittivity, layer thickness and 
polarization. The analysis is important for solving direct problems, since the (two- and 
three-layer) models are typical of many practical situations (vegetation, continent and 
marine ice, forest, etc.). 

The more generalized case uses a stochastic approach. Here, the permittivity of one 
layer varies as a random function. The solution technique uses the correlation function 
of the permittivity fluctuations and enables computation of the average reflection 
coefficient and reflected power. Within the framework of various accepted 
approximations and assumptions, which are justified in practice, this solution 
technique allows us to investigate the reflection phenomena as functions of layer 
thickness and correlation radius. 

The results can be used for surfaces that can be represented by two- and three-layer 
structures. One such structure is vegetation and. in particular, agricultural land. For 
such models, the major interest is the determination of the reflection coefficient. The 
models discussed in this part of the monograph enables us to solve direct problems of 
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remole sensing. The mosl original results arc those related lo the statistical approach. 
In the most general case, this method also covers the deterministic approach. 

In this monograph, the reflection of radiowaves from surfaces containing internal 
breaks with various geometrical configurations (rectangular and wedge-type pits) 
have been studied. Reflections from such surfaces arc determined for vertical and 
horizontal polarizations and for different ' view angles ", The results are derived by 
using geometrical-optics methods. 

For symmetric and asymmetric breaks, reflections from a spherical pil and rectangular 
pit with final depth have been computed and techniques for solving more complex 
geometries (four-media structures) have been demonstrated. 

These results can be applied to radar remote sensing of agricultural fields in 
conjunction with irrigational systems. With the help of polarimetry, potentials for 
classification and identification of ruptures seem feasible. New areas of application of 
these models can be cartography of channels, dams and other hydraulic engineering 
structures. 

Reflection of electromagnetic waves from a layer with a rough interface is also 
considered in this monograph. The chosen approach enables us to approximate ihe 
required reflection and transmission coefficients. First- and second-order 
approximations have been carried out. Expressions have been derived as function of 
surface roughness correlation. 

Graphical results are shown for a vegetation layer simulated by an ensemble of 
cylinders. The requirements for selecting the polarization basis are formulated in the 
inverse problem of determining the biomass and vegetation density. The results 
obtained enable us to solve some inverse problems of remote sensing of the 
vegetation. In particular, it has been shown that it is possible to determine the density 
and biomass of vegetation. The information on these parameters is contained in ihe 
phase shift between various components of the scattering matrix. The problem is 
significant in agriculture in order lo quantify parameters of vegetation. 



13J Comparison-review of the inverse scattering models analyzed 

At the end of each chapter of Pari 111 of the monograph, the conclusions concerning 
the respective chapter are presented and possible fields of application of the derived 
results are shown. Here, we summarize the general results of the scattering models 
analyzed in Part III as these models are connected with different aspects of interaction 
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of eiectromagneiic waves and ihe surface with certain particularities. When studying 
this interaction, we always lake account of polarization effects occurring during 
reflection and scattering of electromagnetic waves from the surfaces with certain 
particularities, for example, internal fractures, etc. 

Al first, we considered the problem when scattering of a wave takes place at a surface 
covered with grass without taking account of surface roughness. This is quite a well- 
known problem for the solution of which various models of description of the surface 
with vegetation may be used. We chose Ihe model of a grass cover in the form of 
cylinders strictly perpendicular to the wave incidence plane. In that case, we assumed 
that on the analyzed area of the surface there was a finite number of uniformly 
distributed cylinders. Thai simplified models was chosen for the purpose of derivation 
of concrete results in the form of closed analytic expressions. When analyzing Ihe 
data, firstly we took account of single scattering of the wave on the surface, and then 
double scattering. 

In some cases the system of differential equations describing the behavior of the 
scattered fields turned out to be non-closed. Consequently, we had to introduce 
additional transformations for the derivation of a closed system of differential 
equations. In that case, the derived results allowed us to continue the investigations 
for studying multiple scattering of radio waves on surfaces of the aforementioned 
type. 

It was a very significant result that we managed to derive analytically the dependence 
of the characteristics of Ihe scattered field on the surface permittivity. The derived 
results included information about the stochastic scattered electromagnetic field when 
the values of the surface permittivity or the values characterizing the vegetation cover 
state fluctuated randomly. 

Our results generalize previous well-known particular cases and, naturally, those 
which are known for an isotropic medium. Their application allows us in some 
approximation (for the assumed models) to solve the inverse problem, i.e.. on the 
basis of the available characteristics of Ihe received scattered electromagnetic field to 
determine Ihe characteristics of the sensed surface, which (in the case of a vegetation 
cover) include the biomass of vegetation, its humidity, degree of ripening, etc. 

Further, we have more thoroughly considered particular models of vegetation covers. 
e,g., surfaces with agricultural crops for determining their biometric characteristics. 
This modelling has as purpose to understand more clearly the opportunities of 
application of radio polarimetry analysis for solving a specified class of inverse 
problems. The results presented are first of all based on experimental data and. 
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Ihcrefore, Ihe main rel aliens are empirical in characier. So, ihcy require an application 
of coireclion factors and normalizing coefficients. For this reason many relations are 
linear m character; for example, ihe yield of winter wheat as a function of biomass, 
eic. 

In terms of the process of radio wave scattering, the vegetation is considered as a 
multi-component complex structure, which contains an aqueous medium, air 
component, and vegetation. As a result, we have to consider ihe permittivity of 
vegetation as the permittivity of a mixture. 

In addition to agricultural crops, we have considered the interaction of 
electromagnetic waves with forestlands. Here, the methods of radio polarimelry are 
especially efficient, as reflections of horizontally and vertically polarized waves differ 
substantially from each other. 

When analyzing the process of scattering, a model of vegetation in the form of 
cylinders is often used. It is possible also to use other models, such as models of a 
vegetation cover in the form of volume scatlerers. when the reflection of radio waves 
from the underlying surface is not taken into consideration. 

Application of various models allows us to solve a number of inverse problems. In 
particular, on the basis of Ihe variation of the reflection coefficient, we may determine 
Ihe humidity, Ihe volume of biomass (both are directly proportional) and the height of 
vegetation (which is inversely proportional). 

Further, we have considered a more general case of interaction between Ihe 
electrodynamic characteristics of layered media and their electrical and physical 
properties. These properties are determined by the complex permittivity of the 
surface. Therefore, the most interesting interaction is between the electrodynamic 
characteristics of layered media and the permittivity of these media, li is shown that 
derivation of respective analytic dependencies is possible only for some particular 
cases, and that in a general case only empirical relations may be used. Various 
surfaces are analyzed. The main conclusion is that for a particular surface it is 
necessary to develop appropriate models using experimental data and lo choose 
analytic dependencies in the framework of the proposed models. It is unrealistic, for 
example, to try lo find a unified model for snow. peat, sea ice. etc. Even within one 
class of surface (e.g,, sea ice), it is impossible lo use one universal model; sea ice. for 
example, differs according to aging categories, Ihe stale during different year seasons, 
etc. 
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The structure of snow cover is not less complicated. As said before, a three- 
dimensional model showed substantial disagreement with experimental data. This 
may be connected with drawbacks of the model, because in our opinion snow cover is 
evidently a three-dimensional mixture from a basic physics point of view. 

When analyzing wet soil and soil covered with vegetation, we found out that a two- 
dimensional model gave analytic dependencies that were in good agreement with 
experimental data. The reflection from layered structures with different laws of 
permittivity variation with depth of the layer has been considered. Two situations 
have been analyzed; permittivity variation is according to a deterministic law or 
according to a stochastic law. The modelling we have presented is original in 
character and has not been considered in the literature previously. A four- layer model 
of the surface has been proposed. This model covers quite a large range of real 
surfaces. In the deterministic case, we applied exponential, polynomial and other laws 
of permittivity variation in one of the layers of the surface. The choice of these laws 
was phenomenological in character. However, the exponential version of permittivity 
variation with layer depth has several experimental confirmations. 

Interesting results have been derived in the case of a stochastic model for the three- 
layer media with flat boundaries. The average power of the reflected wave changes to 
a great extent with comparatively small values of the mean-square deviation of the 
layer permittivity. The most significant result of this analysis is the fact that with 
certain ratios of layer depth relative to wavelength, the reflected signal power reaches 
significant values. A certain limitation of the derived results is the fact that the surface 
roughness was not taken into account when considering the effects of reflection and 
scattering of electromagnetic waves. However, this problem has been addressed 
separately. 

The problems of reflection of electromagnetic waves from surfaces having internal 
non-uniformities such as fractures, cracks, etc. has practically not been considered in 
literature. Our contributions on this subject are original in character. 

As a first model we have considered a symmetric wedge-like crack with an incident a 
flat electromagnetic wave at a given angle. In this case, we take account of multiple 
reflections of the wave from the walls of the crack. The wave reflection coefficient 
depends on the value of the complex permittivity of the reflecting wall. The results of 
the analysis show that the dependence of the reflection coefficients on the angle of 
incidence differ markedly for vertical and horizontal wave polarizations of the wave. 
If the wedge angles are 40® - 45® with horizontal polarization of the incident wave and 
up to 75® with vertical polarization, the crack on the surface may be considered as a 
black body for vertical sensing. If a wedge-like crack is asymmetrical in character. 
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then the main relations hold true but the number of reflections inside the wedge 
changes. As a second model we have considered a hollow region of spherical form. 
Taking into account multiple reflections, we have observed a substantial difference 
for the values of the reflection coefficients for horizontal and vertical polarizations of 
the incident wave. 

As a third model, we have chosen a finite depth crack having rectangular form. For a 
shallow and wide hollow crack, the reflection coefficient with horizontal polarization 
of the incident wave differs from zero even for small angles of incidence. A narrow 
and deep hollow crack may be considered as a black body for incident wave angles up 
to 70® • 80®. However, for a vertically polarized incident wave, a hollow in the form 
of a rectangular pit with finite depth is characterized by an absence of reflections. 

We have also analyzed reflections of electromagnetic waves for a combined model of 
surface, i.e., we have considered a four-layer medium; specifically, air. a 
homogeneous finite depth dielectric, a homogeneous semi -infinite space with 
dielectric constant different from that of the previous layer, in which a rectangular 
hollow with finite width and different permittivity is located. 

For this model, we have derived design relations. These relations allow us to 
determine the reflection coefficients of electromagnetic waves for various modes of 
polarization of the sensing wave as a function of the incidence angles and the 
electrical-and-physical properties of sensed media. 

The above-mentioned difference of the wave reflection coefficients with horizontal 
and vertical polarizations of the incident wave gives us many opportunities for 
analysis of surface structures with irregularities in the form of hollows, fractures, pits, 
cracks, etc. 

All results we have derived are concerned with models of surfaces in which different 
factors have been taken taken into consideration; in particular, multiple scattering of 
electromagnetic waves. However, in these models we have neglected the presence of 
the surface roughness. Therefore, a whole section in Part HI of this monograph has 
been devoted to the investigation of problems of radio wave reflection from rough 
surfaces. The main direction in this consideration has been the fact that the roughness 
is described by a certain random function in the spatial coordinates. This is distinct 
from the traditional approach, according to which the roughness is described by a 
deterministic function, e.g., sinusoidal, triangular, trapezoidal, and other functions. 

In this case, as a surface model we have assumed a three-layer medium, in which the 
first layer is air, a rough boundary interface to a second layer with homogenous 
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characlerislics located above the third layer, also with homogeneous characteristics. 
We have considered small-scale roughness (i.e.. the mean-square value of the 
roughness height is much less than the incident wavelength). In this case, the 
influence on reflection of a vertically polarized wave is absent. The influence of 
roughness is investigated only for the horizontally polarized component of the 
incident wave. 

Our results include diagrams of inverse scattering under the condition that the 
correlation function of the spatial roughness is exponential in character. These 
diagrams show a strong dependence of the wave reflection coefficients on the ratio of 
the correlation radius of the surface relative to incident wavelength. 

Using the aforementioned approach to taking surface roughness into account, it is 
possible to introduce necessary changes to the pertinent equations presented in first 
sections of Part III of the monograph. The resulting equations are invariable more 
complicated. The solution of these equations has been the subject of further 
investigations carried out by teams of scientists headed by the authors of this 
monograph. The most significant aspect in these solutions is the separation of the 
influence of the random variation of the surface permittivity and the random character 
of the spatial roughness on the characteristics of reflection and scattering of radio 
waves from the remotely sensed surfaces. 

At the end of Part 111 of the monograph, we have presented material connected with 
the description of the KLL sphere and its application for determining the complex 
permittivity of a surface based on measurements of the voltages and phases of the 
received signals corresponding to orthogonally polarized radio incident waves. We 
hope that the application of the KLL sphere for determining the permittivity variation 
as a function of the variation of electromagnetic properties of the surface will be 
widely used in practice comparatively with the use of the Poincare sphere for the 
solution of various radar-polarimetry problems. 

As a whole. Part 111 of the monograph gives a number of examples of the solution of 
inverse problems of radar remote sensing for various types of surfaces and may serve 
as a basis for further investigations and applications. 
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Historical Development of Radar Polarimetry in Russia 



14.1 Introduction 

Research on ihe polarization properties of electromagnetic waves (EMW) began in the 
USSR during the lWI-50 decade. The first stage of that work was completed in the 
mid 60’ s and was summarized in two monographs [Kanarejkin el ai, 1966; 
Kamrejkin et al, 1968], The monographs generalized results obtained by Soviet 
scientists until that period. Especially it is worth to mention contributions from 
Central Aerological Observatory (CAO) and Voejkov's Main Geophysical 
Observatory (GGO) in the field of meteorology. Their publications stimulated the 
interest of Soviet scientists to work on theoretical and practical problems connected 
with the use of the polarization properties of EMWs for extending the information- 
seeking capability of various types of radar systems. 

In the aforementioned two monographs, various aspeds concerning the use of 
polarization properties of reflected and scattered EMWs were considered. 
Furthermore, practical methods for measuring the polarization parameters of EMWs 
were discussed. Special attention was directed toward practical problems of 
polarization selection, i.e,. to problems of elimination of interference reflections by 
use of polarization distinction in signals reflected from intended interference and 
interfering targets. The possibility of using the polarization properties of reflected 
radar signals for studying the environment, in particular problems associated with 
meteorology and oceanography was discussed. In this sense, the work contained in 
these two monographs constitutes the foundation of modem theoretical and practical 
polarimetry. 

Below is a listing of on-going Russian research in the field of radar-polarimetry: 

- Development of a general theory of polarization of radio waves; 

- Polarization theory connected to complex radar targets; 

- Polarization selection with appropriate radar devices; 

- Development of special algorithms of polarization signal reception on the basis of 
classical theories of detection, discrimination, filtering and estimation of signals 
parameters; 

- Polarization modulation; 

- Polarization phenomena in passive radiolocation (radiometry); 

Polarization analysis of scattered and reflected radiowaves for environmental 
study, e.g.. meteorology, hydrology, oceanography and geophysics; 
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- Radar-polarimelric melhods for recognilion in radar images with ihe help of 
polarization signatures, i.e,, construction of ' polarization portraits ’ of radar objects 
in remote sensing systems; 

. Radar-polarimetry principles in navigation and communication systems. 

In the following, we shall address several of the above topics in some detail. 



14.2 General theory of polarization of radiowaves 

Significant early contributions toward the creation of a general theory of polarization 
of EMWs are contained in the monographs [Poiechin et al. 1978; Bogorodsky ex al., 
1981). In [Potechin et al. 1978], an in-depth discussion is provided concerning the 
fundamentals of EMW polarization that can be used as a methodological basis for 
further detailed researches in this direction. In [Bogorodsky et al, 1981], a broad 
range of problems related to polarization of radio waves and polarization properties of 
deterministic and fluctuating targets, antenna systems and terrestrial covers are 
considered. Also, problems associated with polarization selection are discussed. As a 
whole, [Bogorodsky el al. 1981] provides a logical development of basic polari metric 
ideas stated in [Kanarejkin et ai, 1966; Kanarejkin et ai, 1968] originally, and, in 
some respect, generalizes research on EMW polarimetry completed in the USSR by 
the late 70's. In [Bogorodsky et ai, 1981], many new concepts regarding the theory 
and practice of radar-polarimetry are introduced. It is important to note, that in this 
monograph, polarization of both scattered and reflected radio waves, as well as 
polarization of thermal radio- emission of various types of terrestrial covers is 
considered. Additionally, the concepts of fully polarized waves in matched 
polarization bases of quasi-polarized waves of full polarization scanning, radar 
contrast of targets, statistical and covariance scattering matrices arc introduced. 
Finally, problems of dynamic radar-polarimetry, methods of polarization scanning and 
the problem of detection and selection of targets, weakly contrasted from a 
background of a terrestrial surface, are discussed for the first time. These studies have 
been performed by a group of the researchers under the management of A.l. Kozlov. 
The ensuing results have been developed further subsequently and have found 
applications in actual radar systems. 

Significant incentive for development of research in the field of statistical radar- 
polarimetry was provided by the publication of the monographs [Pozdniak el al, 
1974], dealing with the statistical performance of polarized signals, and and 

Fuks. 1972], dealing with scattering of radiowaves from a rough surface. In these two 
monographs different statistical properties of polarized waves have been studied in 
details. Particularly [Bass and Fuh, 1972] aided in development of methods of 
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environmental remote sensing. In [Pozdniak et ai, 1974], probability models of 
partially polarized radiowaves, statistical performances of polarization parameters of 
such radiowaves and. in more details, statistical performances of polarization factors 
of reception are described. The monographs [Pozdniak el ai, 1974] and and 

Fuh;, 1972] have motivated further developments among which we cite [Kozlov el ai, 
1979; Meletirsky ei al, 1987; Pozdniak ei al, 1987]. During the last decade, the 
statistical performance of polarized signals accounting for non-Gaussian interference 
effects and non-Gaussian behaviour of polarization parameters has been studied e,g. 
in [A^aev el al. 1991; Kozlov ex ai. 1990]. 

The next step in the development of the theory of polarization of radiowaves was the 
issuing of the monograph [Kozlov ex ai. 1994], in which a quaternion statement of a 
polarization condition, new methods of analysis of transformation of a polarization 
structure, elements of a nonlinear radar theory and methods of field simulations with a 
complicated polarization structure, were introduced for the first time. 



14.3 The polarization theory of the radar targets 

The polarization properties of deterministic and fluctuating targets were considered in 
[Kanarejkin ex ai, 1966], where the scattering matrix in various polarization bases 
and the eigen polarization states of deterministic radar targets were described. Further 
development can be found in [Bogorodsky et ai. 1981], where the statistical 
description of polarization properties of radar targets is essentially extended. In 
particular, problems connected to the statistical scattering matrix, the power matrix of 
random scattering together with statistical scattering matrices and the average contrast 
of the fluctuating targets, the covariance scattering matrix with a probability density 
function of the statistical scattering matrix, are investigated. 

A significant contribution to the development of the theory of the radar target (RT) 
polarization was made by [Oslrovitjanov et ai, 1982; Varganov ex ai, 1985], In 
[Ostroviijanov et ai, 1982 ], the valuable concept of a distributed RT (RT, which can 
not be considered as a point-like target) is introduced and systematized. Furthermore, 
the statistical properties of noise signals associated with distributed targets for various 
polarizations of radar’s antenna are determined. 

In [Varganov et ai. 1985] general analysis of methods of the description, 
measurement and simulation of RT signatures, in particular of flight vehicles, is 
given. Within the framework of this analysis, the polarization signatures (both mono- 
static and bi-static) of RT’s on the basis of scattering matrices are described. 
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Among many studies dedicated to scattering matrices, we cite specifically [Poliansky 
et ai. 1974; Kozlov et ai, 1976; Krasnov et al. 1966). In [Krasnov et al, 1966] some 
ways to increase the radar receiver efficiency, to determine polarimclric properties of 
the least depolarized scattered wave and to built up polarimetrically adequate receiver 
channels are proposed. In [Kozlov ex al, 1976] it is suggested to describe properties of 
fluctuating targets by means of a 4D complex vector, which leads to a 4* 4 covariance 
matrix with complex-valued correlation coefficients as non-diagonal elements and 
rout-mean squared values as diagonal ones. In [Poliansky et al., 1974] the correlation 
between statistical scattering and Mueller matrix is investigated. 



14.4 Polarization selection 

The problems of polarization selection are closely related to problems of polarization 
properties of radar targets. However, polarization selection is a concept, which is 
much wider than the polarization discrimination of two radar targets, because 
polarization selection can be applied to communication systems, radio-navigation 
systems, etc. 

In [Kanareikin ex al. 1966]. the polarization properties of some radar targets are 
considered from the point of view of a realization of polarization selection for point- 
like, surface-distributed and volume-distributed targets. 

In [Bogorodsky et ai. 1981], in the framework of the problem of polarization 
selection following particular issues have been studied: polarimetric clutter 
suppression; discrimination of two radiowaves in matched polarization bases; 
selections of the radar targets by a method of full polarization scanning; synthesis of 
radar targets and principles of synthesis of targets with specific polarization 
properties, 

A riKxJe of full polarization scanning is described in [Bogorodsky et ai, 1981]. It is 
shown that this mode allows to radiate an incident wave with all kinds of polarization 
(spiral scanning along the Poincare sphere) within a certain time interval. 
Simultaneously, the technical realization of the full polarization scanning mode is 
considered by means of two quasi-coherent high frequency oscillations with a small, 
but controlled frequency shift. The application of such oscillations allows (in addition 
to the full polarization scanning mode) re alization of wideband frequency scanning 
These interesting problems are stated in more detail in [Kozlov, 1976; Demidov ex al, 
1975, 1978]. 
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Emphasis has been and is being given by Russian scientists to problems involving the 
synthesis and analysis of algorithms of polarization selection of various classes of 
reflecting objects. Representative accounts of this work can be found in the following 
references: [Poiechin el al, 1978; Pozdniak et ai, 1974; Varganov et ai. 1985; 
Kozlov ei ai, 1979; Rodimov ei al. 1984; Gusev el al. 1974; Bogorodsky ei al, 1985; 
Maximov ei al. 1976; Kostrukov ei al, 1973]. 

We remark, especially, on the reference [Kozlov el al, 1979] in which the concept of 
polarization radar contrast appears for the first time. This concept constitutes the 
beginning of one of the new directions in radar-polarimetry. The determination of 
polarization contrast between two radar objects, especially between weakly- 
contrasted. small, moving objects is a technique frequently quoted in the literature. 

Problems associated with the polarization selection are also considered in [Rodimov el 
al. 1984; Gusev ei al, 1974; Bogorodsky. 1985]. In these references, emphasis is 
placed on the power contrast enhancement and the recognition of reflecting objects 
(problem of pattern recognition). 

In [Pozdniak et al, 1974; Maximov et ai. 1976; Ko.sirukov et al. 1973] the 
polarization factor at reception is selected as a parameter for determining the 
polarization selection. In [Pozdniak et al, 1974], the probability density of the 
polarization factor at reception and its statistical performance in circular and linear 
polarization bases has been studied. 

In [Pozdniak ei al, 1989]. the concept of polarization selection factor for a signal with 
interfering background is considered and the probability distribution of that factor has 
been obtained. 



14.5 Development of algorithms for the reception of polarized signals 

In the iuea of development of algorithms for optimal reception of polarized signals. 
Russian scientists have made the most significant contributions to a general radar- 
polarimetry theory. Problems of detection, discrimination, filtering and parameter 
estimation of polarized signals are considered. One of the earliest contributions has 
been made by [Ki.^elev, 1969). who formulated an integral equation, which determines 
an optimum receiver structure. In this work, as well as in [Pozdniak et al, 1972], the 
problem of detection of an elliptically polarized signal is considered. Systematic 
consideration of optimal reception of polarization-modulated waves took place in 
[Gusev, ei al, 1974]. where the main concepts of optimal reception are introduced. 
Optimal reception of polarized signals in the presence of background noise and noise 
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immunity of (polarized signals) receiving systems arc investigated as well. Further 
research on problems related to the detection and discrimination of polarized signals 
in the presence of a normal distributed partially polarized interference are discussed in 
[Pozdniak ei ai, 1974], In this work, application of the polarization matrix to the 
detection of a deterministic signal in the presence of a normal distributed (partially 
polarized) correlated interference, of a deterministic polarized signal; of a polarized 
signal with an arbitrary initial phase and, finally, of a polarized signal with random 
amplitude and phase is considered. Post-detector detection of a polarized signal in the 
presence of normal distributed partially polarized interference (amplitude and phase 
methods of detection) is discussed as well. For discrimination of polarized signals a 
polarization factor, i,e. the module of the ratio between envelopes of orthogonally 
polarized components of a signal, has been used. 

The most comprehensive consideration of problems associated with estimation of 
parameters and filtering of polarized signals can be found in [Maximov el aL. 1976|, 
where polarimetrlc properties and processing of partly polarized signals and 
interference are studied. In this work, the estimation of parameters of a coherence 
matrix of a partially polarized signal is conducted, linear and nonlinear algorithms of 
estimation of polarization parameters of signals and interferences are developed, and 
also adaptive algorithms of estimation of polarization parameters of signals and 
interferences are obtained. Algorithms of antenna system polarization parameters 
control and algorithms of partially polarized signals and interference control are 
considered. 

The indicated algorithms have a rather universal character; however, they are mostly 
related to communications systems and, consequently, do not take into account 
specifically the properties of polarized radar signals. Usually, they deal with detection 
criteria, the choice of information parameters, the character of transmitted signals, etc. 

The problem of filtering of polarized radar signals was solved by methods of 
nonlinear Markov optimal filtering [Lavin, 1983; Lavin. 1985; Logvin, 1985], In 
[Lavin el aL. 1983|, a filtering algorithm for a polarized signal with a random 
polarization parameter (the angle of declination of the polarization plane in relation to 
a selected coordinate base) is obtained. The optimal receiver contains a system of 
information message extraction, a phase-locked loop (PLL) system and an angle-of- 
EMW polarization tracking circuit. In [Lavin. 1985] an optimal filtering algorithm is 
synthesized when the random parameters of a polarized radar signal are the geometric 
parameters of the polarization ellipse. Finally, in [Logvin. 1985], the structure of an 
optimal receiver of a polarized signal is obtained when the amplitudes and phases of 
the orthogonal components of an elliptically polarized received signal are considered 
as the polarization parameters. In this case, the optimal receiver contains a system of 
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information message extraction, two PLL systems and two automatic gain control 
(AGC) circuits with appropriate cross-connections stipulated by the availability of 
correlation between the orthogonal components of interferences. Such a receiver 
continuously matches polari metric characteristics of antenna system to properties of 
the EMW. This allows us to use more completely the radar dynamic range. 

In [Kozlov €i aJ„ 1994], a method of polarized signals processing is described, 
whereby the polarization factor of the anisotropies, representing the relation of the 
difference of the eigenvalues of the polarization base of a remotely sensed object to 
their sum, is used as the main information. Based on this polarization factor of 
anisotropy, it is possible to discriminate objects or to detect a radar object in clutter. 
The merits of using this polarization factor are that its estimation is obtained from a 
comparison of amplitudes of received signals in the co- and cross-polar radar channels 
and that by realizing a measurement in a circular polarization base, the result does not 
depend on target distance, does not require propagation loss compensation and is 
therefore independent on meteorological conditions. In addition, the estimation of the 
polarization factor does not depend on target orientation with respect to the 
observation direction, which is important for air-borne radar. 

The problems of optimal processing of polarized signals continue to remain at the 
center of the scientific attention. On-going research includes applications of digital 
processing, the development of robust algorithms of reception, accounting for non- 
Gaussian distributions of polarimetric parameters, etc. 



14.6 Polarization modulation 

A complete account of problems of polarization modulation are stated in [Gusev etai, 
1974]. In this work, elliptically polarized EMWs are represented on a double complex 
plane. Signals with both continuous and discrete polarization modulations are 
considered. The modulation of the ellipticity angle, the orientation angle of the 
polarization plane and their combination is described. The spectral representations of 
polarization-modulated signals are analyzed. The principles of construction of 
polarization converters and modulators have been given. Reception of polarization- 
modulated signals is described in details. Influence of additive and multiplicative 
interference on polarization-modulated signals is evaluated. Optimization of 
polarization parameters for detection and discrimination polarization-modulated 
signals is performed. 

Further development of the theory of polarization modulation has been undertaken in 
[Baduiin ei al, 1988; Taiarinov et al. 1989; Stepanenko et ai. 1987]. In [Badulin ei 
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ai. 1988], ihe speclral slructure of a linearly polarized signal with a rotated plane of 
polarization is used to identify and classify radar targets. As an example, the second 
harmonics of the frequency of polarization rotation in the received signal spectrum is 
used. For various polarization parameters of RT, the amplitudes and phases of their 
spectral components on these frequency harmonics are calculated. For polarization 
parameters of RT, the orientation of a target coordinate system, the residual of the 
eigen-values of the target scattering matrix and the anisotropy factor were used. It has 
been shown that if one or two polarization performances of the target are known a- 
priori, it is possible to obtain an unambigious relationship between the spectral 
component parameters and the polarization performances of the target, c.g., for 
meteorological targets. In [Tatarinov, 1989], the polarization manipulation of a type 
“linear polarization - circular polarization" is considered. With the help of such 
“polarization-manipulated" signal, it is possible to estimate the polarization 
anisotropy of a dispersing object. Piu'ticular examples of such estimations are 
indicated in this reference. 

The information cited above indicates that polarization-modulated or polarization- 
manipulated signals can be effectively used in radar remote sensing. This problem is 
considered below in more detail. 



14.7 The polarization analysis of scattered and reflected radiowaves fur studying 
the environment 

In [Kanarejkin et qL. 1966], the first indication appears of the applicability of 
polarization analysis for deriving information about hydrometers; specifically, a study 
on rain intensity, and rain drop sizes and orientation was formulated. Subsequently, 
[Kanarejkin et qL. 1968] applied polarization analysis of scattered EMWs to the 
investigation of a marine surface. This period coincides with intense activities in the 
USSR in connection with the development of remote sensing systems and their 
application to the study of the environment. Here, there is no possibility to account 
even for a small part the work of Russian scientists, who used principles of 
polarization analysis in their studies on marine surfaces, marine and continental ice, 
the atmosphere and hydrometeors, surfaces of natural space objects (moon, Mars, 
Venus, etc.), agricultural production, and many others. All we can do is to point out a 
few references that have played an important role in the introduction of radar- 
polarimetric methods in modem remote sensing systems. 

For studying the properties of ice surfaces, the modification of the polarization 
characteristics of scattered EMWs allows one to solve various problems of glaciology, 
for example, definitions of salinity of ice and its volumetric moisture content. The 
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developmcnl of radar-polarimetry methods for studying marine and continental ice 
began with the work of [Bogorodsky, 1976], where it is shown experimentally how 
the polarization of radar signals for vertical sensing of glaciers is changed. Similar 
results arc obtained for shelf ice. Interesting results based on radar-polarimetric 
investigations of ice are contained in [Nikitin et al, 1985]. For glaciers, measurements 
of the Stokes parameters have been conducted and the correlation processing of 
functions of these parameters have been carried out; the latter justifies the model for a 
glacier as a double refracting plate with linear eigen polarization. The radar- 
polarimetry analysis of a glacier allows us to determine its state of stress, to find 
directions of principal stresses and module of principal stresses difference. The 
definition of stress state of ice is a very important practical problem, and only with the 
help of radar-polarimetry methods it gives solutions. 

A large range of radar-polarimetric investigations of marine surfaces has been carried 
out by Russian scientists. The relations between scattered field characteristics with 
experimentally observed parameters and characteristics of the sea surface for various 
polarizations of the incident field have been studied. The representation of a statistical 
polarization matrix for the scattered field, with elements defined by the geometric 
characteristics and electrophysical parameters of the sea surface, has been 
constructed. Anomaly high levels of horizontally polarized wave backscaltering have 
been investigated and explained using an appropriate theoretical model. All these 
radar-polarimetry problems are of general theoretical importance, and are of interest 
not only for concrete marine surfaces, but also for a much wider choice of appropriate 
applications. Along this vein we cite the following references: [Eshenko et al, 1972; 
Zujkov et al, 1981; Melnichuk el al. 1975]. 

A number of studies involving meteorological applications of radar-polarimetric 
analyses has been performed by scientists from the Central Aerological Observatory 
(CAO) and Vocjkov’s Main Geophysical Observatory (GGO). Similar investigations 
have been carried out by various organizations for studies of vegetation covers, 
woods, agricultural land and other Earth covers. More detail applications of radar- 
polarimetry in remote sensing systems is considered below. 



14.8 Applications of radar-polarimetry in remote sensing systems 

The wide application of remote sensing to environmental studies and ecological 
monitoring during the two last decades has demanded the introduction of new 
approaches and methods of radar remote sensing. Among these approaches radar- 
polarimetric methods are of primary importance because many essential results in 
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remote sensing can be obtained only by using different polarization properties of 
scattered or reflected radio waves. 

Below we provide a partial list (cf. e.g,, Melnichuk et ai. 1975] of specific 
applications of radar-polarimeiry in remote sensing systems: 

- Estimation of the characteristics of the environment and ecosystems (from regional 
up to global); 

- Estimation of the physical condition of objects, such as oil pipelines, cables, gas 
conduits, etc; 

- Description of woods, agricultural and fishing ecosystems; 

- Classification and evaluation of conditions of tenestria) cover, soils, bogs, lakes, 
etc.; 

- Realization of hydrological and glaciological observations, evaluation of 
hydrology and humidity of soils, performances of snow covers, icebergs, glaciers, 
permafrost condition of ground; 

- Realization of cartography of marine ice and estimation of blocking ice areas; 

- Estimation of the bio-mass of agricultural crops; 

- Estimation of the growth and condition of forests; 

- Determination of the extent and consequences of wood fires; also of drought and 
floods; 

- Cartography of marine surfaces; 

- Evaluation and consequences of volcanic activity, including lava currents and dirt 
streams; 

- Determination of sea state and wind parameters; 

- Determination of salinity zones and corrosion of soil; 

- Observation and assessment of petroleum contamination on a water surface. 

Many of the problems listed above cannot be solved without the application of radar- 
polarimetric methods, A large number of such examples is indicated in [Kozlov et a!., 
1992; Kozlov el ai. 1993). 

One of the most popular radar-polarimetric activity has become the technique of 
determining polarization signatures. It consists of special functions, which are created 
in three-dimensional space; the ellipticity angle of the EMW polarization ellipse and 
the orientation angle of the polarization plane are placed on two axes and the 
backscattering factor is placed on the third axis. For each remotely sensed object, we 
may obtain an unique polarization signature. 

In the case of reception of scattered radiation with background noise characterized by 
a Gaussian distribution model, the polarization signature of noise is constant, as noise 
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is an unpolarized signal. This unpolarized component introduces a “pedestal" in the 
construction of the polarization signature. 

Polarization signatures can be used to distinguish among different surfaces. The 
accepted models can take into account variants of a smoothed surface, weak and 
strong surface roughness, or combinations. Such models can describe many kinds of 
terrestrial surfaces; therefore, with the help of known outcomes of remote sensing, the 
construction of polarization signatures for different kinds of surfaces seems to be 
possible, i.e., with the help of polarization images (“portraits"), the creation of a data 
bank for classification and Identification of surfaces seems to be feasible. The most 
productive outcomes can be reached by a combination of polarization images of 
surfaces and other indicators, for example spectral information, etc. 

An important aspect of remote sensing is the solution of inverse problems, e,g., when 
geometric, physical, chemical, mechanical and other properties of remotely sensed 
objects or surfaces are determined from characteristic properties of reflected or 
scattered radar signals. The solution of inverse problems, which arc usually very 
difficult, can be aided significantly by radar- po lari metric means. 

Generally, multi- dimensional inverse problems as arising in remote sensing systems 
are mathematically ill-posed. This results into ambiguities and instabilities under 
perturbation of a set of measurements. Mathematically, ill-posed problems are 
handled by some sort of regularization. A description of a special regularization 
method applied to the solution of an inverse problem of radar positioning using radar- 
polarimetry is discussed in [Stepanenko ei ai, 1987], 
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Object Motion Analysis 
(Translation + Rotation) 



Computation of Doppler spread and correlation time 

The calculation refers to the geometry of Fig. 2.15 (chapter 2) that we report below 
for convenience as Fig. A,l, 




The distance p-0| of point P of the object from the radar position 0( is calculated 
from the triangle POOj as follows: 

P-0i=^{0-0, f +{P-of -2{0-0i)(p-0)costp (A.l) 

Here: 

0-0 1 = Do(t) is the distance of object’s center of gravity 0 from the radar 

P-Oi = Dp(l)is the distance of point P from the radar 

P-0 = d is the distance of point P from the center of gravity 
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q> : rotation angle of point P around the center of gravity O 

t time 

We derive from Eq. (A.l) the motion of point P from the radar given under the 
approximation ofd«Do(l): 

Of = (A.2) 

For the center of gravity 0 we consider the motion given by: 

/>o(f) = iV (A.3) 



The variation of the bearing angle 6 due to the rotation of point P around 0 can be 
computed from the triangle POO| : 



sinp 



d 



P-0 



(A-4) 



Here, 6 | is the bearing angle of the center of gravity O. In the approximation d/(P-0) 
«1, we derive from Eq. (A. 3) the bearing angle 0; 
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(A.5) 



The total signal received from the two scatterer points P and 0 is given by the sum 



St = 



TOP 






(A.6) 



where to is the angular frequency of the electromagnetic field, c is speed of light, and 
the distances Dp(l) and Do(l) are defined by the equations of motion A. 2 and A. 3. 

Eq. (A.6) can also be written (as constant-envelope wave after limiter) as 
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After mixing at the receiver, we obtain the Doppler signal given by: 
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(A.8) 



By differentiating Eq, (A.8), we have the Doppler information in the envelope of the 
wave: 
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This expression can be re-wrillen as 

6V^ *Re+ ;Im 

where 
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The amplitude is given by 
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(A. 12) 
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From Eqs (A.11)-(A.13), taking into account that =— .where v^is the velocity of 
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2i})d 

rotation of point P. d the distance P-0 and Of = cos^ • we have 
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If we have an object of length 3m and moving at a speed of 5m/s (- 20km/hour), 
the angular velocity is computed for d=3L as 




(A. 15) 



y 

p ss ^ ^30 degrees/second 

In this example, the time of covering a circular path of 18m diameter is 
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APPENDIX B (Ref. Chapter 6) 
The Stokes Matrix 



Information about polarization properties of a reflected signal is specified by the 
Stokes matrix [Poiapov, 1992; Durden. 1989; Born, 1970; lahimaru, 1981]. 




fig. B,1 Geometry at rctlccl ion 



The incident wave electric field (see Fig. B. 1) can be described by 

(Bl) 

where are unit vectors along the horizontal and vertical directions respectively. 

Then, the reflected (scattered) field becomes 

(B-2) 
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We intro dace, also, the notation 



The relationship between the amplitudes of the incident and reflected waves is given 
by 
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where r is the distance from a scattererto the point of observation. 
A wave can be described by means of Stokes vector .V . definedas 
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The relationship between the Stokes vectors of an incident and a reflected wave 
assumes the form 
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and M is the Stokes matrix, defined as 
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m = 'wr ^ 

with 
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the Mueller matrix. 



(B.8) 



(B.9) 



The superscript T in Eqs (B.6) and (B.8) means transposition of a matrix, and R’^ 
denotes the inverse of matrix R. If we have a number of scatterers, the average value 
of the Stokes matrix is the sum of corresponding matrices of the individual scatterers. 

The reflected power P is given by 



R = kS'M§’ (B.IO) 

where is a system constant and are vectors describing receiving and 

transmitting antenna matrices, respectively. 
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APPENDIX F {Ref. Chapter 8) 



For evaluation of expression (8.85) it is necessary to compute some integrals: 
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The integrands in and 8^^ have the following poles: 

P^.^ =±*o-/e^ = *o(±«i +‘«2) 

Pu =±*oV^=*o(±«l ±‘«3) 



Of four available poles p, and pC . two poles are located in the lop half plane, and 
two other poles pj and pj located in the bottom half plane of the complex 
variable p(p'). 
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Evaluating other integrals similarly, the following expressions are found: 
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